UNCLASSIFIED 


AD  NUMBER:  AD0900244 

_ LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is  unlimited. 


FROM: 


Distribution  authorized  to  U.S.  Gov't,  agencies  only; 

Test  and  Evaluation  Use;  01  JAN  1972.  Other  requests  shall  be 
referred  to  Air  Force  Avionics  Laboratory,  Wright-Patterson,  OH  45433. 


_ AUTHORITY 

AFAL  Itr  dtd  4  Jun  1975 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


M 


AFAL.-TR-72-5 


LIGHTNING  EFFECTS  RELATING  TO  AIRCRAFT 
PART  I  -  LIGHTNING  EFFECTS  ON  AND  ELECTROMAGNETIC 
SHIELDING  PROPERTIES  OF  BORON  AND  GRAPHITE 
REINFORCED  COMPOSITE  MATERIALS 


F.A.  Fisher 
High  Voltage  Laboratory 
General  Electric  Company 


W.  M.  Fas  sell 

Materials  and  Processes  Laboratory 
Aeronutronic  Division 
Philco-Ford  Corporation 


Technical  Report  AFAL-TR-72-5 
January  1972 


-  i  s 

-<  j 


v  A 


I  /  u 


jus  a  m  !  ! 


Lbli^Llnlj  U 


h 


Distribution  limited  to  US  Government  agencies  only  for  reason  of  test  and 
evaluation,  dated  Januaryjlt72:  other^  requests  for  this  document  musTbe™” 
referred  to  AFAL/AAA,  Weight-Patter  son  AFB,  Ohio. 

Air  Force  Avionics  Laboratory 
Air  Force  Systems  Command 
Wright -Patterson  Air  Force  Base,  Ohio 


NOTICE 


When  Government  drawings*  specifications,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation, 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated,  furnished,  or  in 
any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  be  regarded 
by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any  other  person 
or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 


jiOit  fui 


;WI 

•DC 

iilAIIKOUNCEO 

VSTIFICATIOH. 


Whllt  SECTION 
KifF  SECTION 


3Y  . . . . 

BISTKIBOTiOK/AVAlUWILfTY  CODES 

BIST.  |  AVAIL  and/oTMCIAt 


b 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations,  contractual  obligations,  or  notice  on  a  specific  document. 


AFAL-TR-72-5 


LIGHTNING  EFFECTS  RELATING  TO  AIRCRAFT 
PART  I  -  LIGHTNING  EFFECTS  ON  AND  ELECTROMAGNETIC 
SHIEIDING  PROPERTIES  OF  BORON  AND  GRAPHITE 
REINFORCED  COMPOS ITE  MATERIALS 


F.A.  Fisher 

High  Voltage  Laboratory 
General  Electric  Company 

and 

W.M.  Fassell 

Materials  and  processes  Laboratory 
Aeronutronic  Division 
Philco-Ford  Corporation 


Technical  Report  AFAL-TR-72-5 
January  1972 


Air  Force  Avionics  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


FOREWORD 


This  document  is  Technical  Report  AFAL-TR-72-5  Part  I 
and  covers  Lightning  Effects  on  Composite  Materials  and 

piS?  ??magnetlCihi|iSing  Pr°Perties  of  Composite  Materials. 

Part  II  covers  the  Effects  of  Simulated  Lightning  Strokes  on 

lghtning. Arresters  and  Avionic  Equipment  and  the  Electrical 
Characteristics  of  Simulated  Lightning  Flashes.  Part  III 

systems SlmUlatSd  llghtning  tests  on  the  F-4  aircraft  avionics 

This  Final  Technical  Report  was  prepared  by  General 

C°^  Hifhr,)(oltage  Laboratory,  Pittsfield  MA  in  response 

Jnder  Ifa?"?3?  F33i 61S-70-C-1144.  The  contract  was  initiated 
under  AFAL  exploratory  development  project  4357  task  12  under 

and  snnnnniSa  ?f  5 ’ Bartman>  Project  Engineer,  AFAL/AAA 

“bora?^y  UFML/L«  .  ^  S°hWartZ  °f  Mr  FOr“  Materials 


„  .  The  contractor's  activity  was  under  the  direction  of  Mr. 
t.A.  Fisher,  Project  Manager,  assisted  by  L.C.  Walko , 

B  Macchiaroli,  D.B.  McElhinny  and  G.W.  Maihl  of  General 

J suPP°r’'!:ed  by  Fassell ,  Project  Manager,  and 

J.W.  McCamont  of  Philco  Ford. 


1  r  n  JhiS  rfn^rt  cove:rs  the  Period  of  15  November  1969  through 
c  o  er  19_7I_  and  was  submitted  by  the  authors  in  January  1972. 

This  Technical  Report  AFAL-TR-72-5,  Part  I  has  been  reviewed 
ana  is  approved. 


WILLIAM  A.  STUDABAKER 
Lt  Colonel,  USAF 
Chief,  System  Avionics  Div 
AF  Avionics  Laboratory 


ABSTRACT 


An  investigation  employing  both  destructive  and  nondestructive  testing 
techniques  affirms  that  lightning-produced  currents  adversely  affect  boron- 
^d  graphite -reinforced  composites  for  aircraft.  While  such  composite  mate¬ 
rials  offer  significant  structural  advantages  over  conventional  metals,  they 
are  much  more  easily  damaged  by  the  high  currents  associated  with  lightning. 

A  majority  of  the  coatings  tested  to  determine  their  ability  to  protect  com¬ 
posites  in  a  lightning  environment  actually  aggravated  composite  deterioration, 
io  mitigate  lightning  damage,  composite  coatings  must  be  either  highly  con¬ 
ductive  or  highly  insulating.  Limitations  are  identified  that  must  be  overcome 
efore  coatings  of  either  type  can  be  deemed  acceptable. 

Several  nondestructive  testing  evaluation  techniques  are  compared.  Acous¬ 
tic  impedance  measurement  holds  the  greatest  promise,  because  it  requires  access 
to  only  one  side  of  the  material  and  it  correlates  well  with  physical  inspec- 
tioxiij.  This  technique  is  potentially  effective  in  locating  cracks  and  de lami¬ 
nations.  Resistance  measurements  are  shown  to  be  more  meaningful  for  boron- 
based  than  for  graphite -based  materials.  Other  nondestructive  material  tech¬ 
niques  such  as  ultrasonic  "C" -Scans,  X-ray  extractions,  sonic -vibrations  are 

iound  to  be  no  better  for  lightning  damage  appraisal  than  ordinary  visual  in¬ 
spections. 

Parametric  studies  verify  that  damage  severity  increases  as  higher  light¬ 
ning  currents  are  applied.  It  was  also  established  that  current  division  in 
multi-ply  composites  is  not  determined  by  ply  layup,  but  by  the  external 
electromagnetic  field  orientation  associated  with  a  lightning  stroke.  Elec¬ 
trically,  the  pfinels  seem  to  behave  as  homogeneous  bodies. 

Studies  were  made  of  the  electromagnetic  shielding  properties  of  composite 
materials.  It  is  shown  that  they  have  much  poorer  shielding  properties  than 
conventional  metal  structures.  The  implications  as  regards  the  electrical  de¬ 
sign  of  future  aircraft  are  discussed. 

It  is  shown  that  since  shielding  effectiveness  of  structural  materials 
depends  largely  on  the  field  impedance,  attention  must  be  concentrated  on  the 
lower  impedance  fields  associated  with  lightning  current  flow  on  an  aircraft 
skin  or  at  the  stroke  attachment  point.  The  use  of  high  level  pulse  fields  to 
evaluate  shielding  effectiveness  is  conducive  to  problems,  largely  because  of 
the  limited  spectral  range  of  the  available  pulses.  The  most  meaningful,  con¬ 
sistent  test  results  were  obtained  by  continuous  wave  or  discrete  frequency 
measurement.  Shielding  effectiveness  comparisons  are  made  for  various  panels 
at  frequencies  selected  after  judicious  determination  of  the  spectral  charac¬ 
teristics  of  a  long  electrical  arc. 
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SECTION  1 


I .0  Introduction 

This  report  covers  work  done  in  three  broad  areas  under  Contract  F33615-70-C- 
1144/Project  4357,  all  of  the  areas  dealing  with  the  subject  of  lightning  flashes 
to  aircraft.  These  three  broad  areas  were: 

A)  To  investigate  the  direct  burning  and  blasting  effects  of  lightning,  parti¬ 
cularly  as  to  how  they  relate  to  the  newer  composite  panels  and  structural 
elements . 

E)  To  investigate  the  indirect  effects  of  lightning  on  aircraft,  particularly 
the  electromagnetic  effects,  but  also  including  the  physical  shock  wave 
from  a  lightning  discharge. 

C)  To  provide  investigator  services  for  such  special  problems  as  might  arise 
during  the  course  of  the  contract. 

The  impetus  for  this  work  comes  largely  from  the  increasing  use  of  composite 
materials  as  replacements  for  aluminum  in  aircraft.  The  composite  materials, 
notably  boron-epoxy  and  graphite -epoxy,  have  many  virtues  but  resistance  to  the 
effects  of  lightning  is  not  one  of  them.  In  contrast  to  aluminum  which,  by 
virtue  of  its  good  conductivity,  has  good  resistance  to  the  direct  burning  and 
blasting  effects  of  lightning  and  provides  excellent  electromagnetic  shielding, 
the  composite  materials  are  neither  good  conductors  nor  good  insulators  nor 
very  good  in  providing  shielding  against  electromagnetic  radiation.  If  these 
composite  materials  are  used  in  aircraft  in  locations  where  they  might  be  struck 
by  lightning,  they  will  require  some  form  of  protection.  Questions  immediately 
arise  as  to  how  vulnerable  are  the  composite  materials  to  lightning  and  how  best 
may  protection  be  provided. 

A  substantial  part  of  the  test  effort  during  this  program  was  directed  at 
determining  these  direct  effects  of  lightning  on  composite  materials.  The  work 
involved  tests  on  a  variety  of  boron-epoxy  and  graphite -epoxy  test  panels.  In 
this  test  effort  the  High  Voltage  Laboratory  of  the  General  Electric  Company  was 
ably  assisted  by  the  Aeroneutronic  Division  of  the  Philco-Ford  Corporation.  They 
performed  all  of  the  extensive  mechanical  analysis  of  the  test  specimens,  both 
before  and  after  the  high  voltage  tests  in  the  High  Voltage  Laboratory. 

Test  samples  were  supplied  by  the  Air  Force  Materials  Laboratory  and  the 
Air  Force  Flight  Dynamics  Laboratory.  Delays  in  procurement  of  the  test 
specimen  had  an  impact  on  the  test  program  and  as  a  result  some  of  the  desired 
continuity  of  the  test  effort  was  lost.  The  loss  of  continuity  of  test  effort 
was  not  too  serious,  but  the  delays  did  seriously  delay  the  completion  of  the 
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test  effort 


The  total  work  effort  is  covered  in  three  volumes  of  which  this  is  the 
first.  It  deals  with  the  direct  effects  of  lightning  on  composite  materials 
in  Section  2  and  with  the  electromagnetic  shielding  properties,  or  lack 
thereof,  in  Section  3. 

The  indirect  effects  of  lightning  are  also  important  particularly  as 
regards  the  electromagnetic  fields  associated  with  the  lightning  flash.  These 
electromagnetic  fields  can  lead  to  surge  voltages  on  aircraft  electrical  systems, 
either  by  direct  contact  with  an  electrical  circuit,  as  for  instance  a  lightning 
flash  to  an  antenna,  or  by  induction  through  the  fuselage  of  the  aircraft. 

These  are  dealt  with  in  Part  II  of  this  total  report  effort. 

Section  2  of  Part  II  deals  with  a  series  of  tests  made  on  aircraft  lightning 
arresters  to  show  what  voltages  might  appear  on  avionic  equipment  in  the  event 
of  a  lightning  flash  to  an  antenna. 


2.0  Lightning  Effects  on  Composite  Materials 

A  major  effort  during  this  contract  was  directed  at  determining  the  effects 
on  composite  materials  of  high  intensity  electrical  discharges  representative  of 
natural  lightning.  The  tests  were  divided  into  several  phases,  each  directed  at 
a  slightly  different  end.  These  were: 

1.  A  screening  test  of  different  coating  materials  to  see  which,  if  any,  offered 
any  merit  as  protective  coatings  for  composite  materials. 

2.  A  series  of  tests  on  6"  x  12"  rectangular  panels,  both  boron  and  graphite,  to 
determine  their  intrinsic  resistance  to  lightning  effects  and  to  evaluate  the 
effectiveness  of  several  protective  coatings. 

3.  A  series  of  tests  on  graphite  panels  to  determine  the  effects  of  simulated 
lightning  current  level,  panel  thickness  and  panel  coating. 

4.  A  series  of  tests  to  determine  how  lightning  current  divided  within  a 
composite  material. 

5.  A  series  of  tests  on  structural  samples  composed  of  two  composite  panels  over 
an  aluminum  honeycomb  center. 

These  tests  were  made  to  determine  if  the  coatings  applied  could  withstand 
a  200  kA  lightning  dicharge. 

The  simulated  lightning  tests  to  be  described  were  performed  in  the  High 
Voltage  Laboratory.  The  tests  of  material  properties  before  and  after  the  tests 
were  made  by  the  Aeroneutronic  Division  of  the  Philcc-Ford  Company. 

2.1  Screening  Tests  of  Different  Coatings 

2.1.1  Sample  Description 

This  phase  of  the  test  was  a  screening  test  of  a  number  of  different  types 
of  coatings  to  see  if  any  of  them  offered  any  merit  as  protective  coatings  for 
composite  materials.  To  this  end  there  were  supplied  a  total  of  28  samples  with 
dimensions  of  3"  x  12"  x  1/16"  thick.  Most  of  these  were  graphite  material,  but 
a  few  were  nonconductive  fiberglass.  The  graphite  panels  had  4  plies, the  outer 
plies  running  parallel  to  the  long  direction  of  the  strip  and  the  two  inner  plies 
running  perpendicular  to  the  long  direction  of  the  strip.  The  coatings  were 
described  in  detail  in  Table  1.  Most  of  the  materials  were  carbon  black  or 
carbon  black  plus  a  conductive  salt  loaded  urethane  coating.  Two  samples  were 


TABLE  I 

Description  of  Coatings  on  3  inch  by  12  inch  Test  Panels 
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'V°l  PlatGd  and  one  wan  coated  with  aluminum  foil. 

-\1.2  Test  Methods 

The  samples  were  clamped  at  one  end  in  a  grounded  test  jig  and  subjected  to 
electrical  arcs  from  the  high  current  generator.  The  test  jig  is  shown  on 

1.  Current  flowed  from  the  surge  generator  into  the  test  panel  through 
a  3  4"  arc.  it  then  flowed  down  the  sample  (or  ideally  down  the  conductive 
coating)  to  the  ground  clamp  at  the  base  of  the  sample,  through  a  resistive 
current  shunt  and  back  to  the  surge  generator.  Lightning  current  levels  of 
between  30  kA  and  80  kA  were  used.  The  surge  generator  was  damped  by  Thyrite 
to  give  a  unidirectional  current  wave.  The  waveshape  of  a  typical  discharge 
hown  in  Figure  2.  The  current  amplitude  and  waveshape,  as  measured  by 
the  resistive  shunt,  were  recorded  on  a  Tektronix  Model  507  oscilloscope  in  an 
adjacent  shielded  measurement  enclosure.  The  test  sample  was  backed  by  a 
non-conduct ive  polyester  glass  backing  plate  in  order  to  add  rigidity  to  the 
test  sample  and  to  prevent  added  destruction  of  the  test  sample  by  the  physical 
blast  of  the  high  current  arc. 

Tests  were  first  run  on  four  uncoated  samples  to  determine  a  critical 
damage  threshold.  The  definition  of  critical  threshold  was  highly  subjective, 
but  it  seemed  to  be  about  60  kA.  Currents  of  30  and  40  kA  produced  only  local¬ 
ized  damage  while  currents  of  76  kA  produced  extensive  damage  over  most  of  the 
sample.  All  of  the  coated  samples  were  tested  at  current  levels  of  nominally 
60  kA.  m  some  cases  the  generator  malfunctioned,  discharging  before  the  storage 

capacitors  had  reached  their  full  voltage.  In  these  cases  the  discharge  current 
was  lower. 

2.1.3  Test  Results 

In  general  none  of  the  carbon  loaded  paints  or  carbon  plus  salt  loaded 
paints  showed  any  particular  merit  as  protective  coatings.  Damage  to  the  test 
samples  was  just  as  extensive,  and  often  more  extensive,  on  the  coated  samples 
as  it  was  on  the  uncoated  control  samples.  The  metallic  coatings,  nickel 

plating  or  aluminum  showed  generally  good  protective  properties.  Detailed  test 
results  were  as  follows: 

Sample  L-13C  (30.6  kA  Test  Current  Levels 

A  photograph  of  the  damage  to  this  panel  is  shown  on  Figure  3.  on 

this  uncoated  sample  the  damage  was  confined  mostly  to  the  arc  attachment 

point.  At  this  point  there  was  a  diamond-shaped  burn  approximately  1.2" 

wide  along  the  long  axis  of  the  sample  and  about  2.7"  wide  transverse  to 

the  sample  axis.  Fibers  were  lifted  on  both  the  top  ply  and  the  ply 
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FIGURE  1 


Jig  for  Test  Samples 


lightning  Effects  Tests  on  Composite  Mater 
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25.5  kA/Div.  5  jusec/Div. 


FIGURE  2 

Applied  Current  Waveshapes 
Lightning  Effects  Tests  on  Composite  Materials 
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Specimen 


L-13C 
30.6  kA 

Positive  Polarity 
Ground  Return  Point 
Current  Out 


L-13B 
40.9  kA 

Positive  Polarity 


L-13C 
56  kA 

Positive  Polarity 


L-13D 
76.6  kA 

Positive  Polarity 


L-15A 
56.1  kA 

Negative  Polarity 


underneath  it.  The  back  of  the  panel  was  not  damaged.  Apparently  current 
flowed  from  the  top  ply  into  the  ply  underneath  and  was  then  carried  out 
toward  the  edges  of  the  panel,  thus  causing  pyrolysis  of  the  underlying 
plies  as  well  as  pyrolysis  to  the  top  ply.  The  current  then  apparently  flowed 
through  the  graphite  material  to  the  grounded  end  and  then  flowed  back  up 
through  the  plies  to  the  ground  structure  at  the  end  of  the  panel.  Near 
the  grounded  end  of  the  panel  there  was  again  pyrolysis  of  the  fibers, 
apparently  only  on  the  top  ply.  There  was  no  damage  at  the  back  of  the 
panel  at  the  ground  end.  Between  the  arc  and  attachment  point  and  the 
grounded  end  of  the  sample  there  was  apparently  no  further  damage,  at  least 
to  the  surface  ply. 

In  later  sections  of  this  report  it  will  be  developed  that  the  various 
nondestructive  test  techniques  do  not  usually  show  any  evidence  of  damage 
beyond  that  visible  to  the  naked  eye.  Accordingly,  we  could  conclude  that 
a  current  density  of  163  kA  per  square  inch  of  cross-sectional  area  did 
not  cause  damage  except  at  the  points  of  current  entry  and  current  exit. 

Sample  L-13B  (40.9  kA) 

This  sample  suffered  the  same  general  kind  of  damage  as  the  previous 
sample  except  slightly  more  severe.  The  triangular  area  of  damage  was 
about  2  inches  along  the  length  of  the  panel  and  extended  the  full  width 
of  the  panel  at  the  current  entry  point.  At  the  current  exit  point  the 
damage  again  was  similar  to  the  previous  panel,  but  somewhat  more  exten¬ 
sive.  On  the  top  ply,  pyrolized  fibers  extended  about  0.4  inches  up  the 
panel  from  the  arc  attachment  point.  Between  the  current  entry  and  current 
exit  points  there  were  individual  fibers  on  the  outer  ply  that  seemed  to  be 
broken  or  pyrolized.  The  current  density  in  the  undamaged  section  of  the 
panel  would  be  216  kA  per  square  inch. 

Sample  L-13A  (56  kA) 

This  current  level  was  considered  a  critical  damage  threshold. 

Individual  fibers  were  violently  lifted  at  the  point  of  impact.  Damage 
extended  through  to  the  back  surface  at  which  point  the  back  surface  plies 
were  cracked,  but  not  violently  lifted. 

Pyrolized  fibers  extended  the  full  length  of  the  panel  from  the  arc 
attachment  point  to  the  ground  point  and  at  the  ground  point  burning  was 
^ icient  to  begin  to  lift  the  individual  fibers  on  the  top  ply.  The 
corresponding  current  density  along  the  center  portion  of  the  panel  was 
298  kA  per  square  inch. 


Sample  L-13D  (76.6  kA) 


There  was  extensive  damage  at  the  point  of  current  entry  with  individual 
fibers  being  lifted  on  both  the  top  ply  and  underlying  plies.  Pyrolized 
fibers  extended  the  full  length  of  the  panel  from  the  arc  attachment  point 
to  the  grounded  point  on  both  the  front  surface  and  the  back  surface.  The 
panel  was  not  cracked  through  the  back  surface  at  the  point  of  current 
attachment.  The  resultant  current  density  was  406  kA  per  square  inch. 

Sample  L-15A  (56.1  kA) 

The  previous  samples  were  tested  with  a  positive  polarity  discharge, 
one  involving  electron  flow  from  the  arc  attachment  point  into  the  high 
voltage  electrode  and  into  the  generator.  Sample  L-15A  was  tested  with  a 
negative  polarity  discharge,  one  with  electron  flow  from  the  electrode 
into  the  arc  attachment  point  in  order  to  see  if  polarity  effects  made  any 
difference.  They  did  not.  Damage  was  virtually  identical  to  that  observed 
on  Sample  L-13A  at  the  same  current  level.  A  photograph  of  this  panel  is 
also  shown  on  Figure  3. 

Sample  No.  1  (56.2  kA) 

This  sample  is  protected  by  about  4  mils  of  grey  epoxy  and  NH4BF4 
coatings.  The  coating  did  not  provide  any  protection.  The  coating  itself 
was  blown  clear  of  the  panel  over  about  a  5"  length  along  the  long  axis  of 
the  sample  and  was  about  1"  width.  The  sample  was  delaminated  at  its  edge 
at  the  stroke  attachment  point  and  at  the  ground  return  point,  damage  that 
was  not  noted  on  the  unprotected  panel  at  the  same  current  level.  The  back 
face  of  the  panel  was  not  really  punctured  at  the  stroke  attachment  point 
but  there  was  pyrolysis  of  the  sample  on  the  back  surface.  This  pyrolysis 
was,  if  anything,  more  pronounced  at  this  56  kA  level  than  it  was  on  the 
unprotected  Sample  L-13D  at  the  76.6  kA  level.  No  quantitative  tests  were 
made,  but  the  sample  seems  to  have  lost  all  its  strength  at  the  stroke 
attachment  point. 

Sample  No.  2  (less  than  60  kA) 

This  sample  was  given  a  coating  of  4  mils  of  clear  urethane  followed 
by  5  mils  of  LiCl  loaded  urethane.  This  coating  seemed  to  provide  better 
protection  than  the  coating  on  Sample  No.  1,  but  damage  still  seemed  to  be 
as  pronounced  on  the  unprotected  sample.  The  damage  cannot  be  directly 
related  to  current  level  since  the  surge  generator  fired  prematurely  and  an 

oscillogram  of  the  true  current  level  was  not  recorded.  The  coating  was 
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lifted  for  about  3.3  inches  along  the  axis  of  the  panel  and  about  1  inch 

across  the  panel.  As  the  coating  was  blown  upward  from  the  attachment 

Point  it  exposed  the  second  and  third  layers  of  fibers  underneath.  These 
two  were  broken  loose  and  the  damage  extended  through  the  ba;ck  face  of 
the  panel.  The  back  face  was  only  slightly  damaged.  There  was  no 
pyrolysis  of  the  back  surface  and  no  apparent  discoloration  of  the  pro¬ 
tective  coating  except  at  the  stroke  attachment  point.  The  panel  was 
not  delaminated  at  any  place. 

Sample  No,  3  (less  than  60  kA) 

This  sample  was  given  a  3  mil  coating  of  clear  urethane  followed  by 
4  mils  of  LiCl  loaded  urethane.  Damage  was  more  intense  than  on  Sample 
Mo.  2  but  less  than  on  Sample  No.  3.  Again  the  surge  generator  misfired 
and  the  true  current  level  was  not  recorded.  The  coating  was  blown  clear 
for  about  4.4  inches  along  the  length  of  the  panel  and  about  0.7  inches 
in  width  across  the  panel.  There  was  a  burned  spot  at  the  ground  attach¬ 
ment  point  where  the  coating  bubbled  up  from  the  panel,  but  not  suffi¬ 
ciently  to  blow  the  coating  free  of  the  panel.  Again  the  damage  seemed 

to  involve  all  the  plies  at  the  stroke  attachment  point.  On  the  back  of 
the  panel  there  was  some  pyrolysis,  but  only  around  the  stroke  attachment 
point. 

Sample  No.  4  (35.8  kA) 

On  this  sample  the  generator  misfired  again,  but  the  actual  current 
amplitude  was  measured  at  the  above  value.  This  sample  received  an  initial 
3  mil  coating  of  clear  urethane  followed  by  6  mil  coating  of  NH4BF4  loaded 
urethane.  The  coating  was  blown  clear  of  the  panel  for  about  3  inches 
along  the  length  of  the  panel  and  6.6  inches  across  the  panel.  The  panel 
did  not  appear  to  be  split  nor  was  there  any  real  damage  on  the  back 
surface  of  the  panel. 

Sample  No.  4A  (61.3  kA) 

This  was  a  control  sample  of  nonconducting  fiberglass  material  with 
a  4  mil  coating  of  NH4BF4  loaded  urethane.  The  electrical  arc  apparently 
caused  no  damage  to  this  sample.  The  arc  crept  across  the  top  surface  of 
the  coating  and  did  not  penetrate  to  the  nonconductive  fiberglass  material 
Apparently  there  was  no  current  flowing  between  the  coating  and  the  panel 
itself.  The  coating  did  not  appear  to  be  damaged  in  any  way  except 
possibly  for  a  bit  of  discoloration  along  the  arc  path.  There  is  no  way 


to  tell  how  much  of  the  total  current  flowed  in  the  surface  arc  and  how 
much  flowed  through  the  coating  itself.  Presumably  most  of  it  went  to  the 
surface  arc. 

This  kind  of  behavior  is  what  one  would  expect.  Since  the  test  sample  was 
not  backed  by  any  sort  of  a  conductive  plate,  there  was  no  particular  electric 
field  pointing  normal  to  the  face  of  the  panel,  hence  no  reason  for  the  arc  to 
puncture  into  the  sample.  Loosely  speaking,  if  an  electrical  arc  impinges  on 
a  nonconductive  surface,  it  splashes  around,  with  conductive  filaments  of  the 
arc  spreading  out  in  random  directions  and  seeking  the  nearest  grounded  point 
or  the  nearest  point  at  which  the  current  can  return  to  its  source.  In  this 
case  the  grounded  strap  along  the  bottom  edge  of  the  panel  was  the  nearest  path. 
Accordingly  the  electric  field  strength  is  highest  in  a  direction  along  the  axis 
of  the  panel  and  toward  the  ground  return  point  and  the  electric  arc  is  concen¬ 
trated  in  that  direction. 

The  situation  is  different  with  the  graphite  composite  panels  in  that  the 
graphite  tends  to  remain  an  equipotential  plane  running  from  the  ground  attach¬ 
ment  point  up  underneath  of  the  stroke  attachment  point.  Accordingly  there  is 
then  a  high  electric  field  strength  from  the  impinging  arc  in  through  the 
sample.  The  electrical  arc  then  penetrates  the  sample  and  the  bulk  of  the 
current  flows  through  the  conductive  graphite  in  the  test  sample.  The  field 
conditions  are  not  such  as  to  promote  a  surface  flashover.  This  is  unfortunate 
because  the  surface  flashover  would  remove  most  of  the  lightning  current  from 
the  material. 

If  the  fiberglass  sheet  had  been  backed  up  by  a  metal  backing,  one  of  two 
things  might  have  occurred.  The  arc  might  have  punctured  the  fiberglass  material 
and  gone  to  the  conductive  back  plate  or  it  might  have  crept  around  the  edge  of 
the  fiberglass  material  on  its  way  to  the  back  plate.  With  only  a  3"  total 
width  of  the  panel,  it  is  most  probable  that  the  arc  would  have  crept  around  the 
surface  of  the  panel  and  gone  to  the  conductive  plate  around  in  back  rather  than 
puncturinq  the  fiberglass  sheet.  If  the  fiberglass  sheet  were  of  sufficient 
width,  however,  it  would  be  punctured  before  the  voltage  gradient  along  the 
surface  got  high  enough  to  promote  a  surface  flashover.  No  tests  were  made 
with  a  conductive  back  plate  to  determine  what  would  actually  have  happened. 

Accordingly,  one  cannot  truly  decide  whether  the  4  mil  NH4BF4  coating 
•would  have  carried  the  lightning  current  by  itself  without  damage  or  not.  On 
the  fiberglass  sample  4A  the  electrical  arc  most  probably  crept  along  the 
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surface  of  the  material  with  only  a  small  amount  of  current  flowing  through  the 
material.  On  Sample  No.  3  with  the  same  nominal  coating  the  electrical  arc 
punctured  the  coating  into  the  graphite  and  the  graphite  material  probably 
carried  all  of  the  lightning  current.  At  the  arc  impingement  point  the  coating 
would  be  blown  clear  by  the  explosive  energy  release  when  the  current  flows 
through  the  arc. 

Sample  No.  5  (56.3  kA) 

This  sample  was  coated  with  3  mils  of  clear  urethane  and  4  mils  of 
ferrocene  loaded  urethane.  Damage  looked  about  the  same  as  on  Sample  No.  2. 
The  coating  was  blown  off  over  an  area  of  about  3.2  inches  in  length  along 
the  panel  and  1  inch  in  width  across  the  panel.  All  of  the  plies  were 
exposed  through  to  the  back  ply.  The  back  ply  was  slightly  cracked,  but 
there  was  no  pyrolysis  of  the  individual  filaments  on  the  back  ply  other 
than  right  around  the  stroke  attachment  point.  There  was  a  point  near  the 
ground  point  at  which  the  fibers  were  blown  out  from  the  panel  along  the 
edge  of  the  panel.  Apparently  in  this  case  the  electrical  arc  crept 
along  the  inside  surface  of  the  coating  and  emerged  at  or  near  the  grounded 
end. 

Sample  No.  5A  (61.3  kA) 

This  was  a  fiberglass  sample  like  Sample  4A,  and  again  coated  with 
3-5  mils  of  ferrocene  loaded  urethane.  Again  it  seemed  that  there  was  a 
surface  flashover  along  the  panel.  The  fiberglass  material  itself  was  not 
damaged,  but  there  was  discoloration  of  the  coating.  The  coating  was  not 
physically  lifted  from  the  fiberglass  however.  Again  there  is  no  real 
way  of  telling  how  much  of  the  total  discharge  current  flowed  through  the 
coating  and  how  much  through,  the  surface  flashover. 

Sample  No.  6  (56,2  kA) 

This  specimen  was  coated  with  4  mils  of  clear  urethane  and  5  mils  of 
ferrocene  loaded  urethane.  Damage  was  more  intense  to  this  sample  than  it 
was  to  Sample  No.  5.  The  coating  was  punctured  and  torn  off  for  about  the 
same  area  as  on  Sample  No.  5.  There  was  more  pyrolysis  of  the  back  ply 
than  on  Sample  No.  5,  however.  The  edge  of  the  panel  was  not  split. 
Overall,  the  damage  appears  to  be  intermediate  between  that  experienced 
on  the  protected  Sample  L-13C  at  56  kA  and  the  unprotected  Sample  L-13D 
at  76.6  kA. 
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Sample  No.  7  (53.6  kA) 


This  sample  was  given  an  8  mil  coating  of  NH4BF4  loaded  urethane. 

Damage  was  greater  than  to  Samples  No.  5  or  No.  6.  The  panel  was  split 
at  the  edges  and  the  back  ply  was  cracked  all  the  way  across  the  panel. 

The  coating  was  split  over  an  area  of  3.7  inches  along  the  length  of  the 
panel  and  1.2  inches  across  the  width  of  the  panel,  but  in  this  case  the 
coating  material  was  not  blown  completely  clear  of  the  panel.  It  was 
raised  up  and  carried  the  top  ply  up  with  it.  The  back  ply  was  pyrolized 
to  about  the  same  extent  as  on  Sample  No.  6  or  perhaps  slightly  more 
pyrolized.  The  crack  across  the  back  face  of  Sample  No.  7  did  not  appear 
to  be  in  a  pyrolized  region.  It  would  seem  that  this  crack  occurred  as  a 
result  of  a  mechanical  force  at  the  arc  attachment  point. 

Sample  No.  8  (48.5  kA) 

This  sample  was  given  a  6  mil  coating  of  NH4BF4  loaded  urethane.  The 
impulse  generator  misfired  on  this  sample,  hence  the  lower  current  amplitude. 
Again  the  coating  was  blown  upwards  at  the  stroke  contact  point  over  a 
length  of  3.3  inches  in  length  and  0.6  inches  in  width.  The  panel  was 
punctured  through  to  the  back  surface  and  there  was  a  bit  of  delamination 
at  the  stroke  attachment  point.  There  was  no  pyrolysis  to  speak  of  on  the 
back  surface.  Overall,  the  damage  is  less  than  on  panel  No.  7  and  probably 
is  about  what  one  would  expect  at  the  lower  current  level. 

Sample  No.  11  (46.0  kA) 

This  sample  was  covered  with  5  mils  of  clear  urethane,  8  mils  of 
sprayed  KEL-F  followed  by  a  12  mil  coating  of  salt-laden  urethane.  The 
coating  thus  becomes  quite  thick.  The  major  effect  of  the  coating  seemed 
to  be  to  confine  the  damage  even  more  to  the  stroke  attachment  point.  The 
current  level  was  lower  than  the  desired  critical  damage  threshold  level 
due  to  a  prefiring  of  a  surge  generator.  The  lower  current  level  did  not 
lead  to  pyrolysis  of  the  back  surface,  but  did  apparently  lead  to  pyrolysis 
of  the  front  surface  underneath  of  the  coatings.  Damage  at  the  stroke 
attachment  point  was  quite  extensive  since  the  coating  acted  to  confine 
the  explosive  buildup  of  pressure  and  did  not  allow  it  to  be  dissipated 
to  the  atmosphere  in  front  of  the  panel.  The  panel  was  punctured  through 
to  the  back  and  the  back  face  was  fractured. 

Sample  No.  12  (46.7  kA) 

This  coating  was  much  the  same  as  the  previous  sample  except  that  it 
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had  a  7  mil  strip  coat  in  place  of  the  8  mil  spray  KEL Again  the 
generator  misfired  giving  a  lower  current  level  and  again  the  damage  was 
fairly  extensive.  The  panel  was  cracked  completely  through  on  the  back 
face.  There  was  some  pyrolysis  of  the  individual  fibers  of  the  back  face 
hut  not  very  much.  Again  the  effects  of  the  coating  seemed  primarily  to 
confine  the  arc  to  the  attachment  point  and  hence  cause  it  to  release 
more  energy  immediately  adjacent  to  the  panel. 

Sample  No.  13  (35.8  kA) 

This  was  a  control  sample  of  nonconductive  fiberglass,  with  a  coating 
about  the  same  as  that  on  Sample  12.  The  coating  consisted  of  3  mils  of 
clear  urethane,  4  mils  of  a  strip  coat  and  7  mils  of  a  salt  loaded  urethane. 
As  on  all  the  other  panels  the  arc  damage  was  very  minor,  and  consisted  only 
of  a  surface  discoloration  of  the  coating.  There  does  not  appear  to  be 
any  damage  to  the  fiberglass  panel  itself.  The  coating  was  peeled  back  at 
the  stroke  attachment  point  during  the  examination  after  the  high  current 
test  and  it  was  found  that  there  was  no  damage  to  the  back  surface  of  the 
coatings.  Apparently  the  arc  was  purely  a  surface  creepage ,  though  it  is 
possible  that  some  current  was  carried  by  conduction  along  the  coating. 

Again  there  is  no  way  of  telling  how  much,  if  any  current,  was  carried  by 
cond uction. 

Sample  No.  14  (61.2  kA) 

This  was  again  a  control  sample  of  fiberglass  with  a  coating  of  3  mils 
clear  urethane  followed  by  11  mils  of  salt  loaded  urethane.  As  in  other 
cases  there  was  apparently  only  surface  discoloration  of  the  coating  and  no 
damage  to  the  fiberglass  material. 

Sample  No.  15  (58.7  kA) 

This  again  was  a  control  specimen  of  fiberglass  with  a  5  mil  clear 
urethane  coating.  As  on  all  other  fiberglass  panels  the  damage  was  confined 
only  to  surface  discoloration  of  the  coating.  There  was  no  damage  to  the 
fiberglass. 

Sample  No.  16  (58.6  kA) 

This  was  a  graphite  panel  with  a  10  mil  coating  of  sprayed  KEL-F 
followed  by  a  10  mil  coating  of  salt  loaded  urethane.  As  on  most  other 
coatings,  the  coating  was  blown  away  at  the  arc  attachment  point.  in  this 
case  an  elliptical  piece  of  coating  was  blown  away  of  dimensions  1, 7  inches 
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by  1.8  inches.  The  coating  was  also  punctured  and  blown  loose  from  the 
panel  adjacent  to  the  grounded  end  of  the  conductor.  The  panel  was  punc¬ 
tured  through  the  back  surface  and  there  was  a  minor  amount  of  pyrolysis  on 
the  back  surface. 

Sample  No.  17  (56.1  kA) 

This  coating  consisted  of  5  mils  of  clear  urethane  followed  by  15  mils 
of  salt  loaded  urethane.  The  panel  was  completely  split  through  to  the 
back  side  and  the  panel  cracked  in  half  with  the  two  halves  held  together 
only  by  the  coating.  This  coating  seemed  to  have  forced  the  current  into 
the  top  ply  of  the  material  since  there  was  a  faint  indication  of  discolora¬ 
tion  inside  the  top  ply.  The  coating  was  not  blown  clear  of  the  panel,  but 
was  blown  up  from  the  panel.  As  it  was  blown  up  it  carried  most  of  the 
top  ply  of  graphite  away  from  the  panel,  exposing,  partially  at  least, 
the  center  plies  at  right  angles  to  the  length  of  the  panel.  The  damaged 
section  of  coating  was  about  4  inches  in  length  and  about  1.6  inch  in  width. 

In  summaryfone  can  say  that  all  of  the  paint  coatings  were  ineffective  in 
providing  any  protection  to  the  panel.  They  all  seemed  to  increase  the  damage 
and  the  thicker  the  coating,  the  greater  the  damage.  In  all  cases  the  coatings 
were  punctured,  presumably  because  the  conductivity  of  the  coatings  was  much 
less  than  the  conductivity  of  the  graphite  panels.  When  the  coating  was 
punctured,  more  of  the  energy  of  the  arc  was  trapped  underneath  the  coating  and 
coupled  more  effectively  through  the  composite  panel.  The  greater  the  mass  of 
the  coating  above  the  arc,  the  more  effectively  the  explosive  buildup  of 
pressure  from  the  arc  is  transmitted  to  the  panel. 

A  similar  effect  can  be  noted  with  other  kinds  of  explosions.  If  one  lays 
a  stick  of  dynamite  on  top  of  a  rock  and  detonates  it,  there  is  a  good  chance 
the  rock  will  not  be  damaged  at  all.  All  of  the  shock  wave  is  reflected  from 
the  rigid  surface  of  the  rock  into  the  surrounding  air.  If  one  covers  the 
stick  of  dynamite  with  a  layer  of  sand  or  a  layer  of  mud,  the  explosive  pressures 
are  more  confined  and  are  reflected  from  the  sand  or  mud  layer  onto  the  rock 
and  hence  the  rock  is  more  apt  to  be  shattered. 

It  would  seem  that  an  effective  coating  for  protection  of  composite  mater¬ 
ials  must  work  in  one  of  two  ways.  It  must  be  either  a  dielectric  coating  of 
sufficient  insulating  properties  to  force  a  surface  flashover  from  the  arc 
attachment  point  to  some  adjacent  metal  structure  or  it  must  be  so  highly  con¬ 
ducting  that  it  carries  the  total  stroke  current  and  does  not  allow  sufficient 
voltage  drop  along  the  current  conducting  path  to  cause  a  secondary  flashover 


into  the  material  to  be  protected.  None  of  the  materials  tested  in  this  series 
seem  to  fall  into  either  category.  They  are  not  sufficiently  conductive  to 
carry  the  current,  nor  sufficiently  insulating  to  promote  a  surface  flashover. 
Perhaps  part  of  the  reason  for  poor  performance  of  the  salt  loaded  coatings  is 
that  salts  generally  are  a  poor  conductor  in  themselves.  They  provide  conduc- 
tively  only  in  the  presence  of  water  or  some  other  solvent.  Possibly  their 
protective  abilities  would  be  greater  if  they  were  wet  from  rain,  though  in  any 
case  they  do  not  look  like  good  candidates  for  protection. 

Examples  of  typical  damage  to  these  panels  protected  by  carbon  or  salt 
loaded  paints  are  shown  on  Figure  4. 

Sample  No.  9  (63.8  kA) 

This  sample  was  covered  with  a  1  mil  coating  of  electroplated  nickel. 
The  only  damage  visually  evident  was  a  discolored  spot  on  the  nickel  of 
approximately  0.8  inches  in  diameter.  When  the  coating  was  peeled  back  at 
the  arc  attachment  point  there  was  found  a  circular  discolored  mark  on  the 
graphite  panel.  Apparently  all  that  happened  was  that  the  burned  or  hot 
metal  caused  a  small  amount  of  pyrolysis  of  the  resin  immediately  under 
the  metal  coating.  There  did  not  appear  to  be  any  other  damage  to  the 
graphite  panel. 

Sample  No.  10  (61.2  kA) 

This  sample  was  again  coated  with  a  1  mil  coating  of  electroplated 
nickel.  Damage,  if  such  it  can  be  called,  was  virtually  identical  to  that 
observed  on  specimen  9. 

Sample  No.  18  (63.8  kA) 

The  protective  surface  here  was  a  3  mil  coating  of  aluminum  foil 
cemented  with  an  epoxy  adhesive  to  the  panel.  There  did  not  appear  to  be 
any  damage  except  for  a  slight  pitting  and  burning  of  the  aluminum  foil 
burned  through  to  the  panel  underneath,  the  burned  spot  being  no  more  than 
.03  inches  diameter. 

Figure  5  shows  photographs  of  the  damage  to  the  metal  coated  panels  while 
Figure  6  shows  enlargements  of  the  arc  attachment  point  on  Sample  No.  9. 

2.2  Performance  of  6"  x  12"  Boron  and  Graphite  Test  Panels 

A  total  of  32  panels  were  supplied  to  evaluate  the  effectivenss  of  differ¬ 
ent  types  of  coatings.  Half  of  these  were  boron  and  half  graphite.  Details  of 
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3X  Enlargement  of  Burn  at  Arc  Attachment  Point 


3X  Enlargement  of  Peeled  Nickel  Coating 


FIGURE  6 


Enlarged  Views  of  Arc  Attachment  Point  on  Sample  9  After 
_ _ _ "Lightning"  Exposure 


the  panels  and  the  type  of  protective  coatings  will  be  found  in  Table  II  .  The 
types  of  panels  to  be  tested  were  a  control  group  that  was  unprotected,  a  group 
with  flame-sprayed  aluminum  coating,  a  group  with  a  carbon  black  coating,  a  N 
group  with  aluminum  foil  coatings  and  a  group  with  aluminum  strips  as  protection. 
All  panels  were  of  0.083  inch  nominal  thickness. 

Panels  were  assigned  numbers  of  the  form  GD-LS-70-1B.  The  significance  of 
the  terminology  is: 

GD  =  General  Dynamics 

LS-70  =  Lightning  Sample,  1970 

1  =  Sample  Number  B  -  Boron  (G  for  Graphite) 

B  (or  G)  =  Type  of  material,  Boron  or  Graphite 

Flame-sprayed  aluminum  samples  were  given  a  number  of  the  form  GD-FSAL-lB 
where  FSAL  stands  for  flame -sprayed  aluminum. 

The  other  panels  were  given  a  number  of  the  form  GD-LS-70-1B-BC  (or  -A1F) . 

BC  stands  for  black  carbon  and  A  IF  stands  for  aluminum  foil.  Typical  photo¬ 
graphs  of  the  panels  prior  to  a  lightning  test  are  shown  on  Figures  2.7  through 
2.10.  There  was  no  particular  difference  between  the  front  and  back  faces  of 
panels,  thus  Figure  7  is  representative  of  the  appearance  of  the  front  face 
of  the  unprotected  samples.  No  anomalies  were  noted  on  any  of  the  panels. 

2.2.1  Pretest  Analyses 

In  addition  to  the  photographs  the  panels  were  given  an  ultrasonic  "C" 
scan  and  radiographed.  The  X-ray  radiographs  were  extracted  and  the  inter¬ 
mediate  extractions  printed  to  show  the  general  quality  of  the  test  panels. 

The  boron  panels  all  showed  a  very  good  uniform  X-ray  density  with  only  slight 
decrease  in  boron  fiber  density  near  the  edges  of  the  boron  tape  used  to  lay-up 
the  panels.  The  graphite  panels  showed  large  variations  of  f iber-to-resin 
ratios  in  local  regions  together  with  the  presence  of  large  diameter  graphite  fiber 
bundles.  These  photos  are  not  included  since  they  are  very  similar  to  those 
that  were  observed  on  the  13"  x  13"  panels  to  be  described  in  the  next  section 
of  this  report.  In  that  section  typical  extraction  X-ray  photos  are  presented. 

In  general  the  ultrasonic  "C" -scans  showed  the  panels  to  be  quite  uniform, 
a  finding  consistent  with  the  X-ray  extraction  radiographs.  Typical  "C" -scans 

will  be  shown  in  Section  2.2.3  to  give  a  before  and  after  test  comparison  of  the 

\ 

panels. 
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TABLE  II 

Details  on  6"  x  12"  Panels  and  Their  Protective  Coatings 

1)  Panels  fabricated  by  General  Dynamics 

2)  Panel  size  6"  x  12"  x  0.083" 

3)  Boron  Panels 

United  Aircraft  boron  fiber 
Narmco  5505  resin 
16  plies 

4)  Graphite  Panels 

Morgan ite  II  meter  length  graphite  fiber 
Union  Carbide  ERCA  4617  resin  system 
Impregnated  by  Fothergill  and  Harvey 
12  Plies 

5)  Fiber  layup  -  50%  0°  and  50%  90° 

6)  Protective  coatings 

a)  no  coating 

b)  epoxy  paint  with  carbon  black  additives 

c)  aluminum  foil 

d)  aluminum  foil  strips 

e)  flame-sprayed  aluminum 


FIGURE  8 


V.  .  *c 


t  Imtpk  -  Front  Surface  of  Sample  Panel  With  Aluminum  Foil  Coatinq 
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Vt  might  be  noted  at  this  point  that  the  "C"-scan  method  of  analysis  did 
not  generally  reveal  any  damage  that  was  not  equally  well  detected  by  a  simple 
visual  observation. 

2.2.2  Test  Methods 

The  method  of  test  for  these  panels  was  very  similar  to  that  used  for  the 
panels  described  in  Section  2.1.  One  end  of  the  panel  was  clamped  in  a  grounded 
structure  and  an  electrical  arc  struck  to  the  face  of  the  panel.  Differences 
were  that  the  grounded  end  of  the  panel  had  a  grounded  piece  of  metal  on  both 
sides  of  the  panel,  that  the  panel  was  not  backed  by  any  sort  of  plate,  conduc¬ 
ting  or  nonconducting,  an  oscillatory  discharge  was  used  in  contrast  to  the 
unidirectional  current  discharge  used  for  the  previous  tests,  and  in  some  cases, 
Thermo  tapes  were  used  to  get  an  indication  of  the  temperature  of  the  panel  during 
the  discharge.  The  high  voltage  electrode  was  positioned  1.5  inches  away  from 
the  edge  of  the  panel. 

A  sketch  of  the  test  setup  along  with  typical  current  waveforms  is  shown 
on  Figure  11.  An  oscillatory  waveform  is  used  to  maximize  the  energy  trans¬ 
fer  from  the  surge  generator  into  the  test  piece. 

2.2.3  Test  Results  -  Graphite-Epoxy  Panels 
Sample  GD-LS-70-1G  (64  kA) 

This  sample  was  tested  at  approximately  the  60  kA  critical  threshold 
level  observed  on  the  3"  x  12"  sample  discussed  in  the  previous  section. 

A  photograph  of  the  damaged  panel  is  shown  on  Figure  12.  In  a  manner 

somewhat  similar  to  that  observed  on  the  three-inch  panels  there  is  a 

region  at  the  arc  attachment  point  at  which  the  arc  completely  destroyed 
fibers  and  lifted  fibers  from  the  board.  Around  this  there  is  a  region 
where  the  resin  has  apparently  been  heated  sufficiently  to  cause  a  change 

in  its  appearance.  At  the  grounded  end  of  the  sample  there  is  a  region  in 

which  additional  damage  was  caused  by  current  flowing  out  of  the  panel  into 
the  ground  return  circuit.  Between  the  two  there  is  a  region  that  does  not 
appear  to  be  visually  damaged.  The  area  in  which  fibers  were  completely 
destroyed  is  an  oval  of  about  1  inch  length  and  0.6  inch  width.  The  region 
over  which  the  resin  was  discolored  was  about  a  3  inch  diameter  circle.  On 
the  three-inch  samples  one  noted  a  significant  effect  caused  by  the  ply 
orientation  m  that  current  apparently  flowed  from  the  top  ply  into  the  one 
underneath  it  and  then  out  at  right  angles  to  the  length  of  the  sample. 

'This  caused  the  damaged  region  to  be  wider  than  it  was  long  in  the  direction 
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GD-LS-70-1C 
(64  kA) 


GD-LS-70-2G 
(98  kA) 


FIGURE 
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Appearance  of  Uncoated  Graphite  Composite  Panels  After  Simulated 


of  the  panel.  On  Sample  GD-L5-70-1G  one  does  not  note  as  much  of  this  ply 
effect.  These  samples  have  16  plies  as  contrasted  to  the  4  plies  of  the 
samples  previously  discussed.  There  was  no  damage  to  the  back  of  the 
panel. 

Sample  GD-LS-70-2G  (98  kA) 

A  photograph  of  this  panel  after  test  is  also  shown  on  Figure  12. 
Differences  are  that  the  area  of  total  destruction  of  fibers  is  a  bit 
larger,  an  oval  of  about  1.6"  x  0.8"  and  that  the  pyrolized  region  of  resin 
surrounding  the  stroke  attachment  point  extends  almost  down  to  the  grounded 
end  of  the  sample.  The  panel  was  not  punctured  by  the  arc. 

Sample  GD-LS-70-3G  (142  kA) 

A  photograph  of  this  panel  is  shown  on  Figure  13.  The  area  of 
fiber  damage  is  again  an  oval  of  2  inches  x  1.4  inches.  The  pyrolized 
region  again  extends  almost  all  the  way  down  to  the  grounded  end  of  the 
panel.  The  panel  was  not  punctured. 

No  measurements  were  taken  of  surface  temperatures  during  the  test  on  these 
uncoated  samples. 

2 . 2 . 3 . 1  X-Ray  Radiographs 

An  extraction  X-ray  photograph  of  the  damaged  regions  of  Sample  GD-LS-70-3G 
is  shown  on  Figure  14.  This  photograph  clearly  shows  the  damage  to  the  panel, 
but  does  not  really  show  any  damage  not  visible  to  the  naked  eye  on  the  exterior 
of  the  panel.  This  is  encouraging  in  that  there  does  not  appear  to  be  internal 
damage  that  is  not  readily  seen,  but  discouraging  in  that  the  extraction  radio¬ 
graphs  do  not  seem  to  be  any  more  sensitive  in  detecting  damage  than  a  visual 
observation  at  the  surface.  For  comparison  Figure  2.15  shows  an  extraction 
X-ray  photograph  of  panel  GD-LS-70-4G  which  was  not  exposed  to  any  test. 

2. 2.3. 2  Resistivity  Measurements 

In  previous  work1  it  was  found  that  the  resistivity  of  boron  composites 
increased  by  about  one  order  of  magnitude  when  exposed  to  damaging  simulated 
lightning  current  flows.  This  effect  is  due  to  the  axial  and  radial  cracks 
observed  in  the  boron  filaments  due  to  coefficient  of  expansion  mismatch  between 
the  tungsten  core  (W2B5)  and  the  amorphous  boron.  If  similar  changes  were  to 


1  -  W.M.  Fassell,  A. P.  Penton,  Aeronutronic  Division  of  Philco-Ford  Corporation 
and  J.A.  Plumer,  General  Electric  Company,  High  Voltage  Laboratory, 

Technical  Note:  "The  Effects  of  High  Intensity  Electrical  Currents  on  Advanced 
Composite  Materials",  Aeronutronic  Publication  No.  U-4587,  January  30,  1969. 
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»x  < ui  in  multidirectional  panels,  a  measurement  of  electrical  resistivity  could 
bo.  a  simple  method  of  damage  assessment.  Such  a  method  might  even  be  useful  for 
in-flight  inspections.  Resistance  measurements  were  made  on  the  panels  to  see 
what  the  effect  of  the  damaged  areas  might  be. 

To  make  the  resistance  measurements,  silver  tabs  (conductive  silver/epoxy 
paint)  approximately  1/4-inch  wide  were  applied  to  the  edges  of  the  panels.  A 
pair  of  tabs  were  placed  on  opposite  sides  of  the  area  of  maximum  damage  and 
others  were  spaced  at  1-1/2  inch  intervals  from  this  reference.  A  sketch  show¬ 
ing  the  orientation  and  numbering  of  the  tabs  and  drawing  to  the  same  scale  as 
the  photograph  of  the  exposed  panel  GD-LS-70-2G  (Figure  11)  is  shown  on 
Figure  16.  A  similar  sketch  for  panel  GD-LS-70-3G  is  shown  on  Figure  17. 
Each  of  these  figures  shows  the  resistances  measured  between  points  of  the 
panel.  Measurements  were  made  in  the  vicinity  of  the  damaged  area  and  near 
the  top  of  the  panel  away  from  the  panel.  There  does  not  appear  to  be  any 
pronounced  difference  between  the  resistances  measured  in  the  vicinity  of  the 
damaged  area  and  those  measured  in  supposedly  undamaged  areas. 

In  order  to  make  the  measurements,  a  test  fixture  was  built  to  provide  a 
constant  contact  area  and  pressure  on  the  sample.  The  resistance  across  the 
graphite  panels, was  of  the  order  of  0.5  ohms.  This  was  measured  with  M-H 
Kelvin  bridge  and  a  1.5  volt  lantern  battery.  Large  variations  in  repro¬ 
ducibility  were  noted.  Also,  in  spite  of  the  low  voltage  used  and  minimum 
dwell  time  on  the  battery  button,  a  thermal  (or  capacitive)  effect  made  the 
null  point  very  elusive.  Each  of  the  graphite  panels  was  measured  three  times, 
as  shown  in  Tables  m  through  vi.  Some  panels,  due  to  the  location  of  the 
damaged  areas,  had  additional  tab  numbers  15  and  16. 

The  raw  data  in  the  tables  likewise  does  not  show  any  /significant  informa¬ 
tion  in  the  region  of  the  damaged  area.  There  appears  to  be  a  definite  differ¬ 
ence  in  the  individual  panels,  but  this  does  not  seem  to  correlate  with  the 
amount  of  damage  to  panels.  Panels  GD-LS-70-3G  and  -4G  are  most  nearly  alike 
on  the  basis  of  average  resistances  even  though  one  panel  did  not  get  exposed 
to  a  simulated  lightning  test  and  one  was  exposed  to  a  maximum  of  lightning 
current.  The  other  panels  are  different  from  each  of  these. 

Accordingly,  while  resistance  measurements  may  be  valuable  for  detecting 
damage  in  individual  graphite  fibers,  they  do  not  appear  a  promising  method  of 
evaluating  damage  on  a  laid— up  graphite  composite  panel. 

The  effectiveness  of  resistance  measurements  in  detecting  damage  is  much 
better  on  boron  panels,  however.  This  data  on  the  boron  panels  will  be  described 
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TABLE  HI 

HIGH  MODULUS  GRAPHITE  AFTER  EXPOSURE 
Panel  GD-LS-70-1G 


Tabs 

I 

II 

III 

1-2 

0.8438^ 

•5171a 

.  5102  a 

3-4 

.6190 

.6180 

.5009 

5-6 

.9141 

.6272 

.6172 

7-8 

,976  8 

1.097 

.6940 

9-10 

.9111 

.7258 

.  7791 

11-12 

.8203 

.4793 

.7313 

13-14 

1.045 

.9535 

.7592 

15-16 

.5438 

.4418 

.4866 

1-6 

.6529 

.7627 

.4660 

5-2 

.7427 

.9058 

1.075 

7-12 

.8398 

.7343 

.6855 

11-8 

1.335 

.7067 

.8567 

(Tab  8 

was  not  silvered. 

) 

TABLE 

IV 

HIGH  MODULUS 

GRAPHITE  AFTER  EXPOSURE 

Panel  GD- 

-LS-70-2G 

Tabs 

I 

II 

III 

1-2 

0 . 5781n. 

•  4473a 

.4930a 

TABLE  V 


HIGH  MODULUS  GRAPHITE  AFTER  EXPOSURE 
Panel  GD-LS-70-3G 


I 

.  II 

III 

0.4310 

.3561^ 

.  4203 xl 

.4906 

.4389 

.5350 

.5509 

.4898 

.5600 

.4700 

.3690 

.4550 

.4615 

.4554  ' 

.4446 

.6855 

.3984 

.5750 

.5225 

.4222 

.3  560 

.4249 

.7621 

.3795 

.5615 

.  4728 

.3650 

.3562 

.3136 

.2822 

>7188 

.6342 

.6727 

TABLE  vi 

HIGH  MODULUS  GRAPHITE  (-NO  EXPOSURE ) 
Panel  GD-LS-70-4G 

I  II 

0.5265 -n.  .4769-n. 


Ill 

.  43  50  ji. 


.'.2.  '.3  Ultrasonic  C-Scan  Tests 

Typical  ultrasonic  "C"-scan  records  for  the  three  uncoated  graphite  panels 
are  shown  on  Figures  18  through  20.  The  light  coated  areas  show  regions 
of  poor  or  no  ultrasonic  transmission.  While  the  damaged  areas  do  show  up 
there  are  other  regions  on  the  panel  that  seem  to  show  no  transmission.  A  good 
example  is  the  long  white  streak  to  the  left  of  the  damaged  area  on  Figure  18. 
Figure  11,  a  photograph  of  the  damaged  face  of  the  panel,  shows  a  streak  on 
the  surface  that  might  be  the  cause  of  the  poor  ultrasonic  transmission,  but 
there  are  other  streaks  that  do  not  seem  to  result  in  regions  of  poor  trans¬ 
mission.  Likewise,  the  damaged  area  as  traced  out  on  the  "C"-scan  does  not 
tell  any  more  than  does  visual  observation  of  the  damaged  area.  This  same 
pattern  seems  to  hold  throughout  the  tests.'  None  of  the  "C"-scans  indicated 
damage  that  was  not  readily  visible.  The  area  of  the  white  patch  on  the 
"C"-scans  is  more  clearly  defined  than  is  the  damaged  area  on  the  surface  of 
the  panels  themselves  and  perhaps  the  area  of  this  region  of  poor  transmission 
would  be  a  measure  of  the  integrated  damage  to  panels.  On  the  other  hand,  the 
"C" -scan  technique  does  not  appear  to  be  a  really  promising  tool  for  investiga¬ 
tion  for  damage  in  the  field. 

2. 2. 3. 4  Short  Beam  Shear  Tests 

Following  the  nondestructive  tests  described,  a  number  of  short  rectangular 
test  tabs  were  cut  from  the  exposed  test  panels.  The  exact  locations  of  these 
tabs  are  shown  on  Figure  21  through  Figure  23  and  vary  slightly  from  panel 
to  panel.  The  general  position  and  orientation  of  the  test  tabs  is  shown  on 
Figure  24.  This  figure  also  shows  the  expected  distribution  of  lightning 
current.  Further  discussion  on  the  significance  of  the  damage  to  individual 
tabs  will  be  deferred  until  after  we  have  discussed  the  boron  panels.  In  general, 
however,  the  high  modulus  graphite  composite  panels  had  a  remarkedly  uniform 
modulus.  The  greatest  variations  observed  occurred  in  samples  1G  and  3G  on  the 
short  beam  shear  specimens  immediately  adjacent  to  the  arc  attachment  point 
(Samples  13  and  14) . 

Short  beam  shear  specimens  Nos.  4  and  14  were  analyzed  for  resin  content 
and  compared  with  samples  cut  from  undamaged  areas.  The  resin  analysis  results 
are  listed  in  Table  VII.  The  resin  analysis  showed  no  loss  of  resin  near  the 
damaged  area. 

2. 2. 3. 5  Photomicroscopic  Analyses 

As  indicated  in  Figures  21  through  23,  samples  of  each  panel  were 


FIGURE  20  -  Ultrasonic  "C"-Scan  of  Uncoated  Graphite  Epoxy  Panel 
_ _  GS-LS-70-3G 
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FIGURE  24  -  Location  of  Test  Tabs  and  Their  Orientation  With  Respect  to  the  Current  Paths 


TABLE  VII 


RESIN  CONTENT  ANALYSIS 
GRAPHITE/EPOXY  COMPOSITES 


Panel  Number 


Short  Beam  Shear  Resin  Content 

Sample  Number  We ight  % 


prepared  for  photomicroscopy.  The  80X  photomicrographs  for  the  graphite/epoxy 
panels  are  shown  on  Figures  25  through  27.  Figure  28  shows  better  the 
orientation  of  the  photomicrograph  prints.  The  top  panel  surface  appears  at 
the  bottom  of  the  photomicrographs.  The  photomicrographs  do  not  seem  to 
show  any  evidence  of  degradation  on  the  panel  even  though  the  test  samples 
came  from  points  directly  in  line  with  the  highest  expected  lightning  current 
flow.  They  show  the  outer  layer  to  be  very  similar  in  appearance  to  the  inner 
layers,  possibly  with  the  exception  that  the  fibers  are  packed  a  little 
tighter  on  the  outer  ply.  They  thus  support  the  extraction  X-ray  pictures 
and  the  "C"-scan  pictures  in  their  story  that  there  is  no  real  damage  except 
near  the  point  of  current  entry  or  current  exit  from  the  panel. 

In  contrast  to  the  thin  graphite  panels  described  in  Section  2.1,  it  thus 
appears  that  peak  currents  which  caused  considerable  damage  to  the  thin  panels 
did  not  cause  nearly  as  extensive  damage  to  these  thicker  panels,  in  spite  of 
the  fact  that  an  oscillatory  discharge,  one  capable  of  delivering  more  energy 
to  the  test  panel,  was  used  for  this  series  of  tests.  But  in  the  case  of  the 
boron  panels  the  situation  was  somewhat  different. 

2.2.4  Test  Results  -  Boron  Epoxy  Panels 

GD-LS-70-1B  (56  kA) 

Figure  29A  shows  the  condition  of  the  uncoated  boron  panel  after  a 
current  discharge  comparable  to  that  which  produced  damage  to  the  graphite 
panel  shown  on  Figure  11.  Whereas  the  graphite  panel  had  one  big  hole 
in  it,  a  hole  that  did  not  extend  through  to  the  back  plies  of  the  panel, 
the  boron  panel  had  a  number  of  smaller  holes  blown  in  it.  How  much  of 
this  is  due  to  the  behavior  of  the  panels  and  how  much  to  the  behavior 
of  the  resulting  high  voltage,  high  current  arc,  is  difficult  to  say. 
Possibly  a  sufficiently  high  voltage  drop  was  introduced  by  the  panel  into 
the  current  discharge  path  that  instead  of  the  arc  developing  into  one 
thin  highly  conductive  path  it  developed  into  several  branched  paths.  It 
is  possible  for  an  actual  lightning  arc  to  do  this.  High  speed  motion 
pictures  taken  of  natural  lightning  arcs  show  the  lightning  plasma  extend¬ 
ing  over  a  pretty  broad  area,  perhaps  of  the  order  of  a  square  meter  or 
more  for  an  actual  lightning  flash.  The  central  regions,  the  ones  that 
carry  the  current,  are  much  more  restricted,  but  there  is  no  reason  to 
believe  that  an  actual  lightning  stroke  truly  is  a  pencil— thin  column  of 
plasma  confining  all  its  energy  to  one  particular  little  spot.  The 
simulated  lightning  discharge  punctured  through  to  the  back  of  the  panel, 
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FIGURE  25  -  80X  Photomicrograph  of  Panel  GD-Ls-70-lG.  No  Delamination  Cracks 

(Panel  Front  is  at  Bottom) 
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FIGURE  26 


No  Delamination  Cracks 


Ls  at  Bottom) 


FIGURE - 21  -  80X_Photomicrograph  of  Panel  GD-LS-70-3G.  No  Delamination  Cracks 

(Panel  Front  is  at  Bottom)  - 
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FIGURE  28  -  Orientation  of  Photomicrograph  Prints 


GD-LS-70-1B 
(5f  kA) 


GD-LS-70-2B 
(73  kA) 


!'"!?!  2  >  -  Uncoated  Boron  Panels  After  Testing  (Front  Sides  Shown) 
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causing  one  small  broken  spot  on  the  back  of  the  panel. 

Sample  GD-  S-70-2B  (73  kA) 

The  damage  to  this  panel  is  shown  on  Figure  29B.  As  ind icated^ the 
damage  consists  of  a  spalled  region  in  which  the  boron  composite  material 
was  blown  away  from  the  panel.  In  this  way  it  is  very  similar  to  the 
kind  of  damage  one  observes  if  a  high  voltage  simulated  lightning  arc 
strikes  a  piece  of  concrete  and  punctures  the  concrete  to  a  conductive 
reinforcing  bar  inside  the  concrete.  The  concrete  blown  away  leaves  a 
shallow  conical  depression  of  width  several  times  its  depth. 

Sample  GD-LS-70-3B  (88  kA) 

This  specimen  is  shown  on  Figures  30  and  31.  This  higher  current 
causes  progressively  more  damage.  The  damaged  area  is  elliptical,  of 
about  3  inches  length  and  1.5  inches  width.  The  damage  shows  a  definite 
ply  effect.  The  fibers  at  right  angles  underneath  the  surface  seem  to 
conduct  current  out  to  the  sides  away  from  the  arc-imp ingement  point. 

There  begins  to  appear  damage  also  at  the  grounded  current  exit  point 
where  the  current  must  flow  across  the  surface  of  the  panel  out  to  the 
ground  electrodes.  As  on  all  of  the  panels,  the  current  blew  a  hole 
completely  through  the  panel. 

Sample  GD-LS-70-4B  (168  kA) 

As  was  the  pattern  previously,,  the  damage  to  the  boron  panel  was  much 
more  severe  than  to  the  most  nearly  comparable  graphite  sample  (Figure  12) 
There  is  a  definite  effect  of  the  plies  in  spreading  the. damage  at  the  arc 
impingement  point  out  toward  the  edges  of  ti  panel.  Damage  was  also 
observed  all  the  way  down  the  panel  from  the  arc  impingement  point  to  the 
ground  electrode. 

2. 2. 4.1  X-Ray  Radiographs 

Extraction  X— ray  radiographs  of  the  damaged  areas  of  these  four  boron 
panels  are  shown  on  Figures  32  through  35.  The  atomic  cross  sections  of 
boron  are  such  that  much  more  interesting  radiographs  can  be  taken  of  boron  than 
can  be  taken  of  graphite.  As  on  the  graphite  samples  they  show  the  outline  of 
the  damaged  area,  but  not  generally  any  better  than  does  the  panel  itself.  At 
the  higher  current  levels  they  do  begin  to  show  a  pattern  of  some  nature 
surrounding  the  obviously  damaged  areas.  On  the  high  quality  photographic 
Prints  they  show  speckled  regions  that  are  lighter  than  the  surrounding  dark 
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regions  in  which  the  boron  fiber  material  was  blown  free  of  the  panel.  Possibly 
these  are  points  where  the  individual  strands  of  boron  have  intersected  and  were 
more  badly  burned  at  the  point  of  intersection. 

2. 2.4.2  Ultrasonic  "C"-scan  Results 

The  ultrasonic  "C" -scan  displays  of  the  damaged  regions  of  the  above  four 
panels  are  shown  on  Figures  36  through  39.  The  damaged  regions  again  show 
as  a  white  area  on  the  pictures,  and  again  do  not  seem  to  show  damaged  regions 
that  were  not  visually  evident  from  the  panels  themselves.  The  area  of  the 
display  on  the  "C" -scan  pictures  can  serve  as  a  rough  measure  of  the  damaged 
areas  of  the  panels  if  one  wishes  to  correlate  damaged  area  to  lightning  current 
ampl itude. 

2. 2.4.3  Resistivity  Measurements 

For  resistance  measurements  on  the  boron  fiber  panels  the  same  fixture  was 
used  for  the  graphite  panels.  These  boron  panels  had  resistance  of  150  to 
150,000  ohms.  It  was  necessary  to  use  the  Leeds  and  Northrup  Wheatstone  bridge 
with  two  1.5  ohm  batteries  in  series.  Contact  resistance  was  negligible  in 
this  case,  although  the  resistance  did  change  with  time  if  the  panel  was  left 
energized.  One  panel  was  measured  twice,  showing  reasonable  duplication? 
the  rest  of  the  panels  were  measured  only  once. 

The  resistance  measurements  of  each  boron  panel  are  shown  on  Figures  40 
and  41.  The  tab  measurements,  1-2,  3-4,  5-6,  provide  a  base  line  for  the 
undamaged  panel  in  the  short  direction.  Tabs  7-8,  9-10,  and  11-21  represent  the 
average  resistance  through  the  damaged  area.  In  all  boron  panels  the  resis¬ 
tance  changed  by  at  least  one  order  of  magnitude  through  the  damaged  area,  a 
behavior  which  was  not  noticed  on  the  graphite  panels.  Sample  3B  shows  a 
much  smaller  change  in  resistance  than  the  other  three.  Mechanical  damage 
is  estimated  to  be  substantially  less  in  this  panel. 

Initially,  it  was  assumed  that  tabs  1-6  and  2-5  should  represent  a  base 
line  measurement  of  the  resistance  for  the  undamaged  composite.  It  was  assumed 
also  that  the  values  across  tabs  7-12  and  8-11  would  provide  an  "Integrated" 
index  of  the  damage  in  the  stroke  attachment  area  for  the  0  degrees  and  90 
degrees  ply  orientations.  Examination  of  the  data  on  boron  composites  in  these 
two  figures  suggests  that  the  current  paths  may  not  necessarily  follow  the 
anticipated  course.  First  of  all,  the  resistance  values  across  tabs  1 -6/5-2 
and  7-12/8-11  are  not  self-consistent.  In  the  case  of  panels  IB  and  3B  the 
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FIGURE _ 37  -  Ultrasonic  "C"  Scan  of  Boron  Epoxy  Panel  After  Simulated 

_ _ _ Lightning  Test 


GD-LS-70-3B 
(88  kA) 


FIGURE 


38  -  Ultrasonic  "C"  Scan  of  Boron  Epoxy  Panel  After  Simulated 
_ _ _ Lightning  Test _ 
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FIGURE 


GD-LS-70-4B 
(168  kA) 


39  -  Ultrasonic  "C"  Scan  of  Boron  Epoxy  Panel  After  Simulated 
_ Lightning  Test 


FIGURE 


istance  Measurements  on  Boron  Epoxy  Panels  After  Simulated  Lightning  Current  Exposure 


values  for  tabs  1 -6/5-2  are  higher  than  across  the  7-12/8-11  diagonals.  Panels 
and  48  show  the  reverse  trend,  indicating  that  if  opposite  tabs  are  evaluated, 
a  somewhat  different  conclusion  may  be  reached.  Tab  pairs  1-2,  3-4,  and  5-6 
should  also  have  similar  resistance  values  if  the  stroke  attachment  point  is  not 
too  close.  The  data  on  the  figures  show  this  to  be  true,  with  values  ranging 
‘rc"  a  minimum  of  130  to  1320  ohms.  The  tab  pairs  through  the  damaged  area  at 
the  point  of  stroke  attachment  show  large  changes  in  magnitude,  always  in  a 
direction  that  would  be  predicted,  based  on  the  damage  mechanism  cited  earlier. 
Panel  2B  shows  an  interesting  variation  in  resistance  in  that  tabs  7-8  and 
11-12  show  more  extensive  damage  as  measured  by  resistance  change  than  the 
9-10  pair.  No  explanation  of  this  effect  could  be  deduced  from  X-ray  extrac¬ 
tions  or  "C"-scan  data. 

In  all  cases,  the  diagonal  resistance  measurements  in  the  undamaged  area, 
tabs  1  through  6,  are  much  higher  than  the  corresponding  measurements  directly 
across  the  panel.  Presumably  for  current  to  flow  from  tab  1  to  tab  6,  it  must 
flow  through  the  boron  fibers  that  .run  transverse  to  the  panel,  and  then  cross 
over  to  the  fibers  that  run  axially  along  the  panel.  These  boron  fibers  are 
much  larger  in  diameter  and  do  not  have  nearly  the  number  of  intercepted  points 
that  the  graphite  fibers  do.  Photomicrographs  of  the  boron  materials  later  to 
be  presented  will  show  this  more  clearly.  In  addition,  it  has  been  found  in 
previous  reports  that  the  lowest  resistance  portion  of  a  boron  fiber  is  in  the 
W4B5  substrate.  The  boron  itself  that  is  deposited  on  the  substrate  is  a  very 
high  resistance  material. 

All  in  all,  it  would  appear  that  resistance  measurements  have  much  more 
chance  of  showing  damage  in  boron  materials  than  in  graphite  materials.  There 
appears  a  good  chance  that  they  would  reveal  hidden  damage  if  it  were  to  occur, 
although  all  of  the  data  so  far  presented  would  indicate  that  in  the  vicinity 
of  a  lightning  stroke  attachment  point  there  would  be  no  damage  that  was  not 
visually  evident  at  the  surface. 

2. 2. 4. 4  Short  Beam  Shear  Tests 

Short  beam  shear  test  specimens  were  cut  from  the  boron  panels  in  the  same 
general  pattern  as  previously  discussed  for  the  graphite  panels.  Now  that  the 
data  on  the  boron  and  graphite  panels  have  both  been  presented,  it  is  appropriate 
to  discuss  some  more  of  the  expected  test  results  of  these  short  beam  shear 
tests.  To  begin  with,  little  current  should  flow  in  the  vicinity  of  tabs  1  to  4; 
thus  these  tabs  should  show  little,  if  any,  degradation.  The  set  of  tabs 
1  through  4  from  all  tested  panels,  should,  in  fact,  be  representative  of  the 
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vntvinsic  properties  of  the  test  panels. 

Tab  14  lies  in  the  most  direct  line  of  flow  from  the  stricken  point.  Current 
should  flow  axially  alonq  adjacent  filaments  to  this  tab.  Tab  13  should  have 
the  same  amount  of  current  flowing  through  it,  but  the  current  could  be  expected 
to  flow  along  the  boron  filaments  that  are  transverse  to  the  tab.  The  beam 
shear  test,  as  shown  on  Figure  42,  evaluates  mostly  the  strength  of  the  filaments 
us  long  the  axis  of  the  tab.  Filaments  transverse  to  the  tab  could  only  transmit 
a  force  to  the  restraint  through  the  resin  binder  acting  in  shear.  Since  the 
shear  strength  of  the  resin  is  negligible,  damage  to  the  transverse  filaments 
should  not  reveal  itself  on  a  beam  test.  Consequently,  tab  13  should  always 
be  stronger  than  tab  14. 

Likewise,  tab  16  should  be  weaker  than  tab  15,  particularly  since  tab  15 
comes  from  a  portion  of  the  test  panel  between  the  grounded  end  clamps.  , 

Tabs  10  and  12  should  show  more  damage  than  tabs  9  and  11. 

In  the  region  of  tabs  5  through  8  current  flow  should  be  at  an  angle,  with 
a  component  directed  along  the  axis  of  each  of  the  tabs.  It  would  be  reasonable 
to  expect  roughly  similar  amounts  of  damage  to  each  of  these  tabs.  One  might 
also  assume  that  tabs  10  and  12,  being  more  nearly  in  line  with  the  direct  flow 
of  current,  would  experience  more  damage  than  tabs  6  and  8.  This  discussion 
assumes  the  panel  conductivity  is  homogeneous.  The  resistance  measurements  just 
presented,  show  that  the  boron  panels  are  in  fact  not  homogeneous,  although 
electrically  the  graphite  panels  are  much  more  homogeneous  than  the  boron  panels. 

In  addition,  one  might  expect  that  the  boron  panels  would  experience 
more  damage  than  the  graphite  panels,  based  on  graphite's  greater  conductivity. 

Most  of  these  speculations  are  proven  correct  when  the  results  of  the  short 
beam  shear  tests  presented  in  Tables  VIII  and  IX  and  summarized  in  Table  X 
are  analyzed.  Apparently  there  is  statistically  significant  damage  on  the 
graphite  panels  at  the  142  kA  level,  but  it  is  not  as  much  as  observed  on  the 
boron  panels.  The  beam  shear  strengths  are  uniform,  at  least  on  panels  1G  and  2G. 
On  panel  3G,  damage  to  the  tabs  near  the  bottom  of  the  panel  skews  the  frequency 
distribution  strengths  toward  the  lower  values.  This  is  shown  more  clearly  on 
Figure  43  and  Figure  44  where  the  percentage  distributions  are  plotted. 

On  the  boron  samples,  the  pattern  of  damage  was  more  clearly  evident. 

Figure  44  shows  the  cumulative  frequency  distributions.  The  skew-in  toward 
lower  values  simply  showed  that  some  of  the  tabs  were  damaged.  One  anomaly 
shows  up  in  Sample  GD-LS-70-3B,  tested  at  88  kA“.  •“'Tlrt^^iaptertraa  higher  beam 
strengths  than  did  Sample  GD-LS-70-2B,  tested  at  72.7  kA.  it  is  not  much 
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Filaments  along  the  axis  of  the  beam  are  sub¬ 
jected  to  a  bending  moment.  If  they  are  weak¬ 
ened  by  current  flow,  beam  shear  strength  will 
be  reduced. 


Filaments  transverse  to  the  beam  are  not  sub 
jected  to  a  bending  moment.  If  they  are 
weakened  by  current  flow,  beam  shear 
strength  will  not  be  affected. 
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TABLE  VIII 

GRAPHITE/EPOXY  COMPOSITES 

SHORT  BEAM  INTERLAMINAR  SHEAR  TEST 


GD-LS-70-1G, 
e  PSI 

GD-LS-70-2G, 

<3  PSI 

GD-LS-70-3G 
0  LSI 

11,752 

13,043 

12,609 

12,061 

12,519 

12,560 

11,965 

12,636 

12,960 

11,333 

11,986 

12,058 

13,925 

13,051 

12,082 

11,373 

12,118 

12,579 

12,459 

13,399 

11,638 

12,092 

11,938 

11,111 

12,531 

12,143 

12,773 

12,342 

13,396 

12,383 

11,623 

12,062 

12,308 

11,343 

12,177 

12,328 

10,234 

13,000 

9,919 

11,458 

12,495 

10,300 

13,003 

15,296 

11,189 

12,806 

12,264 

9,  781 

TABLE  IX 


BORON/EPOXY  COMPOSITES 
SHORT  BEAM  INTERLAMINAR  SHEAR  TEST 


Tab  Number 

GD-LS-70-1B, 
a  PSI 

GD-LS-70-2B, 
a  PSI 

GD-LS-70-3B, 

0  PSI 

GD-LS-70- 

Qf  PSI 

1 

6,787 

7,617 

7,739 

8,000 

2 

6 , 036 

6,726 

6,491 

4,573 

3 

8,429 

6,392 

7,456 

6,432 

4 

5,682 

5,833 

5,939 

5,877 

5 

6.000 

6,441 

5,796 

2,362 

5 


Panel  Number 

Material 

Test 

Current 

Level-KA 

Mean  Shear 
Strength 

PSI 

Adjusted 

Standard 

Deviation 

Tabs  1  -  4  of 
Panels  1G/2G,3G 

* 

12290 

511 

GD-LS-70-1G 

Graphite 

64 

12019 

851 

2G 

Graphite 

98 

12720 

846 

3G 

Graphite 

142 

11786 

1029 

Tabs  1  -  4  of 
Panels  1B,2B, 

3B ,  4B 

* 

6626 

1010 

GD-LS-70-1B 

Boron 

56 

6780 

688 

2B 

Boron 

72.  7 

5843 

1639 

3B 

Boron 

88 

6029 

1692 

4B 

Boron 

168 

4165 

1704 

t  Modulus  of  Graphite  Test  Specimens 


stronger,  but  the  trend  seems  real.  The  physical  damage  evident  on  panel  3D  is 
also  less  than  on  panel  2B,  and  the  same  pattern  showed  on  the  resistance  measure¬ 
ments.  How  much  of  this  anomaly  can  be  ascribed  to  intrinsic  panel  properties, 
and  how  much  to  the  interaction  of  the  stroke  with  the  panel  is  hard  to  say.  In 
any  case,  the  boron  panel  was  damaged  significantly  by  a  stroke  that  did  not 
cause  damage  to  a  similar  graphite  panel. 

Considerably  more  damage  was  caused  by  the  168  kA  stroke  to  panel  GD-LS-70-4B. 
Statistically  significant  damage  was  done  to  all  tabs  except  tab  4.  Tabs  1  to  4 
were  at  the  top  of  the  panel.  The  patterns  of  damage  revealed  by  studying  the 
strength  of  the  individual  test  tabs  is  interesting,  and  generally  support 
conjectures  raised  earlier  about  how  the  expected  current  flow  should  relate 
to  the  expected  damage.  Tab  14  was  damaged  the  most  while  tab  13,  at  right 
angles,  was  damaged  much  less.  The  same  observation  holds  for  tabs  15  and  16. 

Tabs  9  and  11  are  stronger  than  tabs  10  and  12,  since  the  current  flow  could  be 
transverse  to  tabs  9  and  11,  but  axial  on  tabs  10  and  12.  Tabs  5,  6,  7,  and  8 
all  have  roughly  the  same  strength  since  the  current  flow  should  be  at  an 
angle  at  those  tabs. 

2. 2.4. 5  Photomicrographic  Analysis 

Photomicrographs  of  the  boron  samples  are  shown  on  Figures  45  through 
48  and  show  some  extremely  interesting  patterns.  On  these  photomicrographs 
the  front  face  of  the  panel  again  appears  at  the  bottom  of  the  figure.  On 
sample  GD-LS-70-1B  only  the  bottom  (on  the  photomicrograph) ,  or  surface  rows 
of  fiber  are  damaged.  Cracks  on  other  filaments  are  polishing  cracks.  The 
typical  starshape  cracking  on  the  bottom  filaments  has  been  observed  in  other 
programs  and  occurs  at  a  current  density  of  about  105  amperes  per  square  centi¬ 
meter.  This  photograph  thus  provides  some  evidence  that  the  current  was 
confined,  partially  at  least,  to  the  plies  next  to  the  stricken  face.  The 
photomicrographs  of  panels  GD-LS-70-2B  and  -3B  show  damage  on  all  of  the 
vertical  plies.  The  damage  is  less  intense  on  panel  -3B  than  on  -2B,  which 
agrees  with  the  visual  observations  of  the  panel  surface,  the  short  beam  shear 
test,  and  the  resistance  measurements.  Panel  GD-LS-70-4B  shows  severe  damage 
on  all  plies.  This  series  of  photographs  is  an  excellent  example  of  the  pro¬ 
gressive  increase  in  the  degree  of  damage  as  the  arc  current  is  increased. 

Figure  48,  which  shows  the  vertical  destruction  of  almost  every  filament,  is 
typical  of  the  melting  of  the  W2B5  core  by  excessive  current. 
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GD-LS-70-1B 
(56  kA) 


£5  -  80X  Photomicrograph  of  Tested  Panel  Showing  Typical  Star-Shaped 
Fractures  of  Boron  Filaments  at  Bottom  of  Photo,  First  Two  Rows 
Horizontal  Fibers  Undamaged.  Panel  Front  at  Bottom. 
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GD-LS-70-2B 
(73  kA) 

80X  Photomicrograph  of  Tested  Panel  Showing  Star-Shaped  Damaged 

ts  Dlfpersed*  Note  Beginning  of  Delam (nation  at  Bottom 
°f.. -Photograph.  Panel  Front  at  Bottom. 
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FIGURE 


GD-LS-70-3B 
(83  kA) 

47- SOX  Photomicrograph  of  Tested  Panel.  Damage  Appears  Less  Severe  than 
Preceding  Sample.  Star-Shaped  Fractures  Shown  Slightly  past  Center 


GD-LS-70-4B 
(168  kA) 


FIGURE - 48  -  BOX  Photomicrograph  of  Tested  Panel.  Note  Severe  Damage  on  Nearly 

All  Vertical  Filaments  and  the  Two  Outside  Horizontal  Filament 
Showing  Decomposition.  Panel  Front  at  Bottom. 
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j..  1  Parametric  Study  of  Graphite  Epoxy  Panels 

This  series  consisted  of  eighteen  graphite/epoxy  test  panels  each  13"  x  13" 
m  size.  The  test  series  was  laid  out  to  provide  a  parametric  study  of  the 
effect  of  current  amplitude,  panel  thickness,  panel  fiber  layup  and  panel  coat¬ 
ings.  Table  XI  shows  the  matrix  of  tests  made  on  the  various  panels.  The 
general  intent  was  to  perform  tests  at  three  different  lightning  current  levels, 
50  kA,  100  kA,  and  200  kA.  On  Table  XI  these  are  referred  to  as  the  nominal 
test  current  levels.  The  test  current  magnitudes  actually  attained  are  shown 
following  the  individual  panel  numbers.  The  panels  fall  into  three  general 
groups: 

Group  1 

These  were  uncoated  laminates  of  0°  and  90°  layup  of  two  nominal  thick¬ 
nesses,  0.04  inch  to  0.05  inch  and  0.120  inch  to  0.140  inch.  The  panels  of 
0.040  inch  nominal  thickness  had  four  plies,  arranged  in  a  0°,  90°,  90°  and 
0  pattern.  Those  of  0.120  inch  nominal  thickness  were  a  balanced  layup 
of  sixteen  plies  arranged  in  a  sequence  0° , 90° , 0° , 90° , 0° , 90° , 0° , 90° , 90° , 0° 
90°,  0°  ,  90°  ,  0°,  90°  ,  0°  . 

Group  2 

These  were  uncoated  panels  of  0°,  45°  and  90°  layup,  all  of  the  same 
nominal  laminate  thickness  of  0.120  inch  to  0.140  inch.  There  we're  sixteen 
plies  arranged  in  a  pseudoisotropic  pattern,  0°,  45°,  90°,  135°,  180°,  225° 
and  so  on. 

Group  3 

These  were  coated  laminates  using  a  silver  epoxy  coating  of  about 
3  mils  thickness.  Again,  two  laminate  thicknesses  were  used,  0.040  inch 
to  0.050  inch  and  0.120  inch  to  0.140  inch.  Panel  layups  were  0°  and  90°. 

All  panels  were  a  graphite  epoxy  material.  The  reinforcement  was  Union 
Carbide  Thornel~50  graphite  yarn  (PVA  finish) .  The  resin  matrix  was  Union 
Carbide  Bakelite  ERLA  2256  epoxy/ZZL.  The  hardening  agent  was  0820  and  the  har¬ 
dener  ratio  was  27  phr. 

The  resin  system  was  first  diluted  1:1  with  an  analytic  grade  2-Butanone 
(MEK)  to  facilitate  impregnation  of  the  yarn  with  resin.  The  resin-impregnated 
continuous  yarn  was  fed  and  spaced  onto  a  24"  diameter  drum  winder  to  form  a 
prepreg  sheet.  The  fibers  were  positioned  if  necessary  to  correct  for  winding 
gaps  and  all  excess  resin  was  scraped  from  the  sheet.  This  sheet  was  allowed 
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TABLE  XI 


Matrix  of  Tests  on  13- inch  Square  and  Circular  Test  Panels 
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to  "B"  Stage  overnight  until  a  "tack.  -  free  to  touch"  condition  was  reached. 

The  sheet  was  then  cut  off  the  winding  mandrel  to  mold  size,  bagged,  and  stored 
in  a  freezer  until  enough  prepreg  was  accumulated  to  produce  a  composite.  The 
prepreg  was  placed  in  a  proper  size  mold  at  freezer  conditions  to  facilitate 
removal  of  the  backing  release  material  left  on  the  tape  of  the  winding  drum. 

Once  the  appropriate  number  of  plies  in  the  respective  orientations  had  been 
laid  up,  the  mold  was  placed  in  a  pre-heated  press  (180°  Fahrenheit  for  this 
particular  resin  system) .  The  mold  was  then  allowed  to  reach  platen  tempera¬ 
ture  before  maximum  pressure  was  applied.  The  preheat  time  under  very  low 
pressure  was  usually  no  more  than  10  minutes  for  this  particular  steel  mold. 

The  pressing  and  cure  cycle  consisted  of  2  hours  at  180°  Fahrenheit  with  100  PSI 
pressure  and  4  hours  at  300° F  with  100  PSI  pressure.  The  mold  was  then  cooled 
to  room  temperature  by  running  water  through  the  press  platens.  A  pressure  of 
100  PSI  was  kept  on  the  mold  during  the  cooling  process  to  keep  composite 
warpage  to  a  minimum. 

Some  of  the  panels  had  a  silver  paint  protective  coating.  The  coating  used 
was  XC-4001  silver  paint  made  by  the  Hanna  Paint  Manufacturing  Company,  Columbus, 
Ohio.  The  paint  thickness  was  about  3  mils  thick.  The  exact  thickness  varied 
between  2.8  and  3.6  mils.  The  corresponding  weight  of  the  coating  was  between 
29  and  40  grams  for  these  13"  x  13"  square  panels.  Since  the  weight  of  the 
uncoated  16-ply  panels  was  about  130  to  140  grams,  the  coating  accounts  for 
about  20%  of  the  total  panel  weight;  Some  specific  details  of  the  silver- 
painted  panels  are  given  in  Tables  XII  and  XIII. 

Three  of  the  sixteen-ply  panels  had  tabs  brought  out  from  the  various  plies 
so  that  the  current  flowing  in  each  individual  ply  could  be  measured  during  a 
test.  A  complete  description  of  those  particular  panels  will  be  given  later  in 
the  report. 

Before  the  simulated  lightning  tests,  most  of  the  panels  were  cut  into 
discs  of  12-7/8"  diameter.  The  purpose  of  a  circular  test  panel  configuration 
was  to  allow  the  lightning  current  that  was  injected  into  the  panel  at  its 
center  to  flow  to  the  outside  perimeter  along  patterns  controlled  by  the  charac¬ 
teristics  of  the  test  specimen  and  not  by  the  characteristics  of  the  test  jig. 

The  rectangular  panels  described  in  previous  sections  had  all  been  tested  with 
a  grounded  structure  at  one  end  of  the  panel  and  this  forced  the  current  to 
follow  one  particular  path.  On  the  circular  panels  the  grounded  portion  of 
the  test  jig  was  a  circular  clamping  plate  of  12"  inside  diameter  clamped  over 
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Pane] 

NO. 

LS-70-5 

LS-70-6 

LS-70-7 

LS-70-8 

Uncoated  Panel 

Wt. ,  grams 

143.6 

127.4 

136.7 

136.4 

Coated  Panel 

Wt.,  grams 

173.1 

156.6 

175.2 

179.6 

Total  Wt. 

Coating,  grams 

29.5 

29.2 

38.5 

43.2 

Coating  Thickness, 
Mils 
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v ht  panel  all  around  its  outer  perimeter.  Assuming  an  isotropic  specimen  (which 
taese  are  not)  the  current  flow  along  the  panel  should  be  purely  radial  from  the 
stroke  attachment  point  at  the  center  to  the  outer  grounded  ring.  The  current 
density  at  any  point  in  the  ring  would  then  be  easily  determined  from  the  geome¬ 
try  of  the  ring  and  the  total  applied  current.  Thus  the  circular  configuration 
is  more  amenable  to  mathematical  analysis  than  the  rectangular  test  specimens 
described  in  earlier  sections. 

A  photograph  of  a  typical  silver-painted  specimen  before  it  was  cut  to 
circular  form  is  shown  on  Figure  49.  A  photograph  of  the  uncoated  back  surface 
is  shown  on  Figure  50.  in  general,  the  "Before"  photograph  of  test  panels  did 
not  show  anything  of  significance,  hence  no  other  "Before"  photos  of  this  test 
specimen  series  are  included  in  this  report. 

Figure  51  shows  a  cross-section  of  the  silver  coating  of  one  of  the 
silver-coated  samples.  There  was  some  tendency  for  the  silver  paint  to  peel  on 
the  corners  unless  extreme  care  was  used  in  handling  the  samples. 

2.3.1  Pretest  Analyses 

These  specimens,  like  the  previous  ones,  were  given  pretest  analyses  of  an 
ultrasonic  "C"-scan  and  extraction  radiographs  were  taken.  In  addition,  these 
particular  panels  were  given  a  sonic  vibration  test  in  order  to  determine  the 
natural  modes  of  vibration  of  the  panel.  It  was  felt  that  this  latter  test 
might  be  a  useful  technique  for  detecting  the  extent  of  damage  to  the  panels. 

As  it  turned  out,  the  damage  caused  by  the  simulated  lightning  currents  was 
sufficiently  massive  as  to  make  the  sonic  vibration  tests  useless. 

The  circular  panels  were  X-rayed  with  the  BALTAU  unit  (tungsten  anode  = 

1.5  mm2  focal  spot)  using  Kodak  single-coated  type  R  X-ray  film,.  The  resultant 
X-ray  radiographs  were  extracted  using  3-4  density  separations  of  0.02  differen¬ 
ces  to  enhance  the  details  present  of  each  test  panel.  Photo  reductions  of  each 
of  these  extractions  are  included  in  Figures  52  through  55.  The  small 
pinpoint  anomalies  visible  on  the  prints  are  ascribed  to  dust  particles  which 
have  a  tendency  to  collect  on  Thornel -50/epoxy  composites  due  to  a  static  charge 
buildup  from  handling. 

Figure  52  is  typical  of  a  0°  and  90°  layup  of  high  modulus  graphite.  The 
fibers  appear  uniformly  spaced  and  straight  on  LS-70-1. 

Figure  53  of  Panel  LS-70-2  contains  a  number  of  dark  lines  generally 
parallel,  and  waviness  of  the  plies  in  one  direction  is  easily  observed.  Panel 
LS-70-3  appears  reasonably  uniform.  Specimen  LS-70-4  shows  strong  irregularities 
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FIGURE 


GD-LS-70— 5 

Graphite  Fiber/Epoxy  Panel  Showing  Silver-Coated  Side  Before 
Simulated  Lightning  Tests 


GD-LS-70-5 


FIGURE  50  -  Back  Surface  of  Graphite  Fiber/Epoxy  Panel  Before  Simulated 
___ _  Lightning  Tests _ 
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FIGURE  55  -  Extracted  X-Ray  Radiograph  of  Thorne 1-50/Epoxy  Panel  ES-70-4 
_ Before  Simulated  Lightning  Test 
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with  two  quite  pronounced  black  bands  in  both  the  0°  and  90°  orientation. 

These  are  shown  on  Figures  54  and  55,  respectively. 

In  order  to  determine  the  origin  of  the  dark  bands,  microscopic  studies 
were  performed.  Samples  for  microscopic  examination  were  cut  from  3  of  the  4 
remnants  of  epoxy-filled  graphite  yarn  plates  as  follows: 

LS-70-1 

No  samples  were  taken  since  the  density  showed  even  throughout  the  plate. 

LS-70-2 

This  sample  was  cut  90°  from  the  peripheral  reference  mark,  and 
includes  two  dark  or  lower  density  lines  and  one  light  or  more  dense  line, 
all  of  them  fairly  wide. 

LS-7Q-3 

This  sample  was  cut  270°  from  the  peripheral  reference  mark, and 
contains  one  lighter  zone  of  higher  density. 

LS-70-4 

This  sample  was  cut  180°  from  the  peripheral  reference  mark,  and 
contains  two  black  lines  of  less  dense  material. 

The  remnant  borders  were  oriented  as  closely  as  possible  to  reference 
points,  on  each  border  and  on  the  radiograph  print,  and  then  samples  were  cut 
from  the  borders  at  those  locations  where  there  was  the  greatest  deviation  from 
uniform  density.  The  samples  were  mounted  in  Lucite  in  order  to  microscopically 
examine  those  points  of  greatest  interest. 

Overall  appearances  of  the  chosen  areas  had  no  drastic  or  obvious  physical 
differences  in  material  appearance  under  plain  and  polarized  reflected  light. 

Sample  LS-70-2  and  LS-70-4  contained  less  dense  (black)  lines.  Examination  of 
these  lines  showed  that  the  dark  (lower  density)  lines  of  both  samples  are 
caused  by  the  presence  of  bundles  of  fibers  with  individual  fiber  diameters 
measuring  8  to  10  microns,  or  twice  that  of  the  surrounding  matrix  graphite.  The 
various  photomicrographs  are  shown  on  Figures  56  through  58.  It  can  be 
noted  in  the  photomicrographs  of  LS-70-2  and  LS-70-4  at  200X  that  packing  densi¬ 
ties  for  the  bundles  of  larger  diameter  fibers  are  strikingly  less  than  the 
adjacent  bundles  made  of  smaller  diameter  f  ilaments.  One  bundle  photographed  at 
100X  shows  a  cross-section  diameter  of  0.7  millimeter.  Measurements  of  the  same 
line  on  the  X-ray  print  shows  that  line  to  be  somewhat  less  than  1  millimeter 
(estimated  to  be  0.75  millimeter  using  a  millimeter  scale).  Two  such  areas  in 


FIGURE _ 56  -  Photomicrographs  Showing  the  Differences  Between  Low  Density  and  High  Density  Areas  of 


the  LS-70-4  sample  correspond  to  lines  marked  on  the  sample  surface;  one 
bundle  occurs  in  Sample  LS-70-2  closely  adjacent  to  a  mark  made  on  the  surface 
prior  to  examination. 

The  wider  (more  dense)  areas  of  each  radiograph  print  show  no  particularly 
discernible  differences  from  the  standard  density  areas  examined.  A  fiber  count 
would  not  be  very  conclusive  unless  it  were  done  over  a  fairly  large  area  of 
the  samples.  Results  would  then  be  questionable  because  of  the  thickness 
variation  and  fiber  alignments  in  each  of  the  plates.  It  seems  that  the  wider 
(denser)  strips  on  the  radiographic  separation  prints  are  caused  by  a  slightly 
higher  number  of  fibers  per  unit  area.  Several  photomicrographs  taken  at  100X 
seem  to  indicate  that  the  average  density  consists  of  about  three  fiber  bundles 
per  length  of  each  picture,  whereas  the  more  dense  photos  are  judged  to  have 
about  3h  sheets  on  each  side  of  the  prints. 

During  the  lightning  withstand  tests  we  did  not  notice  any  unusual  effects 
that  could  be  ascribed  to  the  presence  of  these  isolat.ed  bundles  of  fibers. 

Reference  X-ray  radiographs  were  also  made  of  the  silver-paint  coated 
panels.  The  very  large  difference  in  atomic  numbers  between  silver  and  the 
graphite-epoxy  makes  it  impossible  to  determine  structural  details  of  the  graphite 
either  on  the  original  radiograph  or  on  the  separation  negative.  The  variation 
of  the  paint  film  was  clearly  shown  on  each  sample.  Figure  59  is  a  typical 
print  made  from  a  separation  negative  to  enhance  the  contrast  of  the  original 
radiograph.  The  lighter  bands  represent  increased  thickness.  Apparently  the 
panels  were  spray-painted  with  two  coats,  with  the  gun  travel  at  90°  on  succes¬ 
sive  coats.  The  white  specks  correspond  to  "pimples"  on  the  painted  surface. 

The  above  radiographs  were  made  by  a  slightly  different  technique  than  that 
employed  on  the  panels  LS-70-1  through  LS-70-4.  All  samples  and  films  were 
placed  under  a  laminograph  and  rotated  seven  revolutions  during  the  exposure. 

This  method  improved  the  uniformity  of  the  X-ray.  Samples  LS-70-5  through 
LS-70-8  were  then  machined  to  12-7/8"  diameter  circles. 

Holographic  studies  of  these  panels  for  detection  of  microflaws  were 
considered  as  a  good  investigative  method  for  damage  analysis.  The  G.C.  Optronics 
Company,  Ann  Arbor,  Michigan,  was  consulted  on  the  problem.  The  cost  proved  to 
be  prohibitive  for  the  program. 

Some  of  the  panels  were  subjected  to  sonic-vibration  tests  with  equipment 
and  procedures  which  are  discussed  below.  The  object'  was  to  determine  a  Bessel 
function  for  drum-head  vibration  of  the  circular  membranes.  The  premise  here 
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was  fiber  bjreakdown  as  a  result  of  the  lightning-flash  tests  would  lessen 

the  modulus  (which  in  turn  would  cause  a  decrease  in  the  material  sound  velocity, 
producing  a  change  of  the  sound  pattern  obtained  prior  to  the  lightning  test. 
Another  of  the  premises  upon  which  the  tests  were  made  is  that  any  defects  in 
the  test  panel  might  show  up  as  an  uncharacteristic  vibration  pattern  before  the 
lightning  test  was  made. 

As  it  turned  out,  the  damage  at  the  stroke -attachment  point  was  generally 
so  severe  as  to  completely  destroy  the  original  sonic-vibration  patterns.  While 
a  vibration  test  might  in  theory  show  some  evidence  of  broken  fibers  beyond  the 
immediate, obviously  damaged  portion  of  the  panel,  the  visual  damage  at  the 
stroke-attachment  point  turned  out  to  far  override  the  lesser  kinds  of  damage 
that  the  vibration  patterns  might  have  shown.  Accordingly  it  was  concluded 
that  the  sonic— vibration  test  was  not  a  useful  method  of  evaluating  the  test 
panels  after  the  lightning  tests.  Possibly  it  has  some  usefulness  as  a  test 
to  evaluate  panels  prior,  to  a  lightning  test,  although  even  this  is  doubtful. 
Accordingly,  only  an  abbreviated  report  on  the  sonic-vibration  test  method  and 
the  test  results  will  be  presented  here. 

A  woofer-type  speaker  with  range  from  40  to  3,000  Hz.  was  attached  to  a 
controlled-frequency  oscillator  amplifier  system.  Panels  were  fastened  in 
place  over  a  12"  speaker  by  means  of  a  circular  ply-wood  clamp  fastened  down  by 
hand  with  wingnuts.  The  samples  were  sandwiched  between  heavy  rubber  gaskets 
to  dampen  any  vibrations  which  might  occur  from  resonant  frequencies  of  the 
speaker  enclosure.  Preliminary  scans  were  made  of  each  panel  to  determine  the 
frequency  at  which  typical  patterns  were  formed.  Initially,  the  uniform  disper¬ 
sion  of  120-grit  silicon  carbide  was  accomplished  by  setting  the  oscillator  on 
75  Hz.  until  the  particles  were  evenly  distributed.  The  oscillator  was  tuned 
to  the  predetermined  frequency  and  the  amplitude  adjusted  to  produce  the  charac¬ 
teristic  frequency  pattern  in  a  time  span  of  approximately  one  minute,  to  lessen 
possibility  of  burning  out  the  speaker  with  a  prolonged  signal. 

Examination  of  the  pattern  and  photomicrographs  of  panels  LS-70-1  through 
LS-70-4  eliminates  the  possibility  of  equating  the  pattern  with  Bessel's  function, 
which  is  appropriate  only  if  the  membrane  material  is  isotropic  and  homogeneous. 
All  photomicrographs  examined  displayed  non-uniform  dimensions  for  the  fiber 
plies.  The  sound-vibration  patterns  verify  this  by  containing  two  distinct 
axes  in  each  pattern,  lying  at  right  angles,  one  axis  parallel  to  the  outside 
plies  of  the  fibers,  and  the  other  parallel  to  the  inner  plies.  As  a  consequence 
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c’-at  a  accumulated  from  these  tests  are  qualitative  in  nature. 

None  of  the  patterns  examined  show  any  pronounced  asymmetry  indicative  of 
serious  panel  defects.  This  is  not  surprising  since  careful  visual  examination. 
X-ray  radiographs,  and  ultrasonic  "C"-scan  examination  of  the  panels  likewise 
indicated  that  none  had  any  particular  defects.  Figures  60,  61  and  62 

show  the  vibration  patterns  obtained  with  silver-painted  panels  at  various 
frequencies.  Panel  LS-70-6,  Figure  61  showed  perhaps  the  greatest  amount  of 
pattern  asymmetry,  but  this  could  not  be  correlated  with  any  other  panel  pro¬ 
perties  or  defects.  The  pattern  for  panel  LS-70-7  (not  included  with  this  report) 
showed  a  place  where  the  silver  coating  was  debonded  at  one  edge  of  the  panel. 

The  silver-paint  coating  was  chipped  along  this  edge  and  the  chipping  could  be 
seen  visually. 

All  in  all,  sonic-vibration  testing  did  not  prove  to  be  very  useful.  It 
might  have  merit  for  pre-test  analyses  to  determine  the  effects  in  protective 
coatings  although  this  could  not  be  readily  evaluated  without  making  tests  on 
panels  with  deliberately  defective  coatings.  This  line  of  approach  was  not 
pursued  much  further  during  the  course  of  this  contract. 

2.3.2  Test  Methods 

As  mentioned  earlier  these  panels  were  tested  with  a  grounded  structure 
clamp  completely  around  the  periphery  of  the  test  panel.  Primarily  this  was 
done  to  allow  the  lightning-current  flow  within  the  panel  to  be  determined  by 
the  characteristics  of  the  panel,  rather  than  to  force  an  unnatural  current 
flow  from  the  arc-attachment  point  to  only  one  side  or  end  of  the  panel.  In 
an  actual  aircraft  structure  it  is  most  probable  that  a  composite  panel  will 

be  bonded  to  a  metal  structural  framework  at  a  number  of  points  around  its 
periphery. 

Figure  63  is  a  sketch  of  the  test  arrangement.  The  grounded  clamping 
structure  provided  a  ground  current  return  path  on  both  the  front  and  the  back 
sides  of  the  test  panel.  The  ground  structure  itself  was  made  to  the  top  of  a 
cylindrical  steel  tank  of  29  inches  diameter  and  38  inches  height.  The  tank 
was  formed  from  0.5  inch  thick  steel.  The  tank  itself,  along  with  the  aluminum 
cover  plate,  formed  a  structure  that  provided  extremely  good  electromagnetic 
shielding.  The  object  of  using  this  tank  was  to  simultaneously  make  measurements 
jf  the  lightning  resistance  of  the  panel  and  of  the  panels'  ability  to  provide 
shielding  against  the  electromagnetic  field  produced  by  lightning.  These 
electromagnetic-field  penetration  tests  of  the  composite  panels  will  be 
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described  in  a  later  section  of  the  report. 

Fiqure  64  shows  two  photographs  of  the  test  chamber.  In  the  top  part  of 
tdie  figure  there  is  shown  a  panel  being  tested  for  lightning  resistance,  and  in 
the  bottom  photo  is  shown  a  panel  being  tested  during  one  of  the  electromagnetic- 
field  penetration  tests. 

Surge  currents  were  then  applied  to  the  sample  from  the  high  current  surge 
generator.  The  high-voltage  electrodes  were  one  inch  above  the  center  of  the 
panel  and  the  oscillatory  discharges  described  during  the  test  on  the  6"  x  12" 
panels  were  used  also  for  the  circular  panels. 

Section  2.3.3  Test  Results 

Photographs  of  the  damage  caused  by  the  simulated  lightning  discharge  to 
the  four  uncoated  panels  (LS-70-1  through  LS-70-4)  of  0.040"  -thickness  is  shown 
on  Figure  65  through  Figure  68  respectively. 

Panel  LS-70-3  (57  kA)  and  Panel  LS-70-2  (61  kA) 

The  panels  displayed  nearly  identical  damage  to  the  coatings.  Both 
front  surfaces  were  discolored  to  nearly  identical  shape  and  size.  On 
panel  LS-70-3  the  top  plies  were  blown  off  over  a  region  of  dimensions 
1/8"  x  2-1/2".  Around  the  perimeter  of  the  panel  there  was  disruption  of 
the  laminate  due  to  the  contact  of  the  panel  at  this  point  with  the 
aluminum  top  of  the  test  tank  and  the  aluminum  retaining  ring,  where  the 
lightning  current  followed  a  path  to  ground.  Similar  discoloration  had  been 
noted  on  the  6"  x  12"  panels  at  the  grounded  end.  Both  of  these  panels 
were  punctured  through  to  the  back  of  the  surface.  About  the  same  amount 
of  material  was  blown  off  of  the  bad  surface  of  each  of  these  panels. 

Panel  LS-70-1  (85  kA) 

The  top  layer  of  plies  in  this  panel  were  blown  off  in  an  area  4-1/2” 
x  1-1/2"  at  the  center  of  the  lightning-stroke  attachment  point,  with 
disruption  of  the  fiber  laminate  in  an  oval  area  6"  x  4-1/2".  At  the 
point  of  contact  of  the  high-current  arc  there  was  destruction  of  all 
four  plies  in  the  composite  material,  an  approximate  diameter  of  3/4". 

The  panel  was  punctured  with  a  small  portion  (3/8"  x  2")  of  the  back 
ply  being  broken  by  the  high-current  arc. 

This  panel  has  no  other  panel  which  can  be  used  as  a  basis  of  comparison 
uncoated  vs.  coated.  All  of  the  tests, though, indicate  that  the  damage  sus¬ 
tained  is  closely  associated  with  the  current  value  of  the  simulated 
lightning  stroke.  Measurements  of  surge  degradation  and  "C"-scan  delamina¬ 
tion  dimensions  fall  between  the  dimensions  for  panels  tested  at  61  kA 
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A.  Configuration  for  Simulated  Lightning 
Test 


B.  Configuration  for  Electromagnetic 
Field  Penetration  Test 


FIGURE  r,4  -  Two  views  of  Test  Chamber  Used  with  Circular  Test  Panel 
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LS-;o-2 


LS-70-2  (Front) 

(61  kA) 

FIGURE  66  -  Damage  to  Uncoated  Graphite  Fiber/Epoxy  Panel  by  Simulated  Lightning 
_ Discharge _ 
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FIGURE — 67  -Damage  to  Uncoated  Graphite  Fiber/Epoxy  Panel  by  Simulated  Lightning 


1 


(panels  LS-70-2  and  LS-70-3)  and  184  kA  (panel  LS-70-4) . 

Tanel  LS-70-4  (184  kA) 

This  panel  sustained  the  same  type  of  damage  as  panels  LS-70-1  through 
LS-70-3,  but  on  a  more  extensive  scale.  The . d isruption  of  the  top  ply 
extended  approximately  the  diameter  of  the  panel  in  a  direction  perpendi¬ 
cular  to  the  direction  of  the  top  ply.  A  majority  of  the  current  flowed 
in  this  perpendicular  direction,  as  verified  by  the  disruption  of  fibers 
at  the  points  where  the  panel  is  clamped  to  the  retaining  ring.  The 
front  surface  damage  on  this  panel  flared  outward  laterally  5"  with  ply 
blow-off  measuring  5-1/4"  x  1/2",  shredded  badly  at  the  center.  The 
delamination  extended  nearly  5"  along  the  top  ply  and  about  1"  to  each  side 
of  the  stroke-attachment  area.  Fibers  in  the  delaminated  ply  were  loosened 
but  still  in  place.  It  should  be  noted  that  the  actual  damage  to  this 
panel  appeared  less  extensive  than  that  sustained  by  the  Panel  LS-70-7 
which  had  a  silver-paint  coating. 

Photos  of  the  resultant  damage  to  the  panels  coated  with  silver  paint  are 
shown  on  Figures  69  through  74. 

Panel  LS-70-5  (61  kA) 

Silver  paint  coatings,  intended  as  partial  protection,  did  not  seem  very 
effective  in  preventing  destruction  of  the  composite  material  by  a  high-current 
simulated  lightning  strike.  The  current  applied  to  panel  LS-70-5,  61.3  kA, 
was  similar  to  the  amount  of  current,  61.0  kA,  applied  to  the  uncoated 
panels  LS-70-2  and  LS-70-3.  Accordingly,  the  damage  to  the  panels  was 
similar.  The  pattern  of  disruption  to  the  top  ply  was  somewhat  different 
on  a  coated  vs.  uncoated  sample.  This  can  be  seen  by  comparing  Figures 
66  and  67  with  Figure  71. 

On  the  uncoated  samples  the  area  of  the  resin  suffering  pyrolysis  was 
elliptical  or  diamond-shaped  and  apparently  caused  by  resistive  heating  of 
the  resin  by  the  current  flow  in  the  various  plies.  On  the  coated  sample 
the  area  of  pyrolysis  is  circular  in  shape  and  shows  much  less  of  a  ply 
effect.  The  area  suffering  pyrolysis  shows  a  speckled  effect  around  the 
perimeter  of  the  pyrolyzed  area.  These  speckles  are  similar  to  what  was 
observed  at  the  ground-attachment  point  where  the  current  flowed  back  out 
of  the  graphite  material  into  the  ground  electrode  structure.  Possibly 
what  happened  was  that  the  current  at  the  stroke-attachment  point  flowed 
into  the  graphite  material  as  the  silver-paint  coating  was  blown  away, 
but  flowed  back  out  of  the  panel  and  into  the  silver-paint  coating  as' 
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LS-70-5  (Front) 
(61  kA) 


Damage  to  Graphite  Fiber/Epoxy  Panel  Coated  with  Silver  Paint 
_  _ to  Simulated  Lightning  Discharge 
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incuRK _ 70  -  Appearance  of  Graphite  Fiber/Epoxy  Panel  with  Silver  Paint  Removed, 

Exposure  to  Simulated  Lightning  Discharge 

114  I 


i 


L5-70-6  Silver  faint 


LS-70-6  (Front) 
(103  kA) 


Damage  to  Graphite  Fiber/Epoxy  Panel  Surface  Coated  with 
Paint-  After  Exposure  to  Simulated  Lightning  Discharge 
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(103  kA) 


Appearance  oL  Graphite  Fiber/Rpoxy  Panel  with  Silver  Paint  Removed 
After  Kxpo 
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LP-70-7  ( Front) 
(185  kA) 


Damage  to  Graphite  Fiber/Epoxy  Panel  Surface  Coated  with  Silver 
Paint 


After  Exposure  to  Simulated  Lightning  D is charge 
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LS-70-8  (Front) 
(105  kA) 


Damage  to  Graphite  Fiber/Epoxy  Panel  Surface  Coated  with  Silver 
Paint,  After  Exposure  to  Simulated  Lightning  Discharge 
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soon  as  the  voltage  gradient  in  the  graphite  material  became  high  enough 
to  allow  the  epoxy-resin  binder  to  be  punctured.  Burned  spots  on  the 
silver-paint  coating  are  found  in  places  that  correspond  to  these  speckled 
areas  on  the  graphite. 

The  region  in  which  plies  were  blown  free  of  the  panel  was  a  bit  less 
on  the  silver-paint  coated  sample,  but  not  significantly  so.  The  sample 
itself  was  punctured  through  to  the  back  surface.  The  damage  on  the  back 
surface  was  about  the  same  as  that  observed  on  the  uncoated  sample. 

Panels  LS-70-6  (103  kA)  and  LS-70-8  (105  kA) 

These  panels  are  most  nearly  comparable  to  the  uncoated  panel  LS-70-1 
which  was  tested  at  85  kA.  visually,  the  front  surfaces  of  panels  LS-70-6 
(103  kA) and  LS-70-8  (104.5  kA)  appeared  nearly  alike.  Damage  to  LS-70-6 
measured  4-1/2"  in  diameter  with  front  ply  blow-off  3/16"  x  3-1/8" .  The 
damage  to  the  front  of  panel  LS-70-8  was  4-1/2"  x  4"  with  a  3/8"  x  2-1/2" 
strip  of  the  ply  blown  off.  In  both  of  these  cases  the  back  surfaces 
were  damaged  to  nearly  the  same  extent  in  size  and  shape  -  3/8"  tapering 
to  1"  on  both  ends.  The  back  surfaces  of  each  show  strain  ripples  when 
light  is  reflected  from  the  surfaces  at  critical  angles.  Strained  areas 
were  3-1/2"  x  3"  on  panel  LS-70-6  and  3"  x  1-1/2"  on  panel  LS-70-8. 

Again,  the  area  of  damage  on  the  sample  with  silver-paint  coating  was 
circular  in  area,  contrasted  to  the  elliptical  area  on  the  uncoated  panel 
LS-70-1.  The  speckled  pattern  was  again  noted  around  the  outer  periphery 
of  the  damaged  area.  If  at  these  points  current  flows  back  out  of  the 
graphite  material  into  the  silver-paint  coating,  one  would  expect  the 
current  density  around  the  outer  periphery  of  this  panel  to  be  less  than  on 
the  uncoated  panel.  This  seems  to  be  the  case  if  one  compares  Figures 
68  and  72.  On  the  uncoated  panel  there  were  found  the  typical 
pyrolyzed  points  near  the  ground  end  at  which  current  was  flowing  out  of 
the  panel  into  the  ground  structure.  These  were  much  less  evident  on  the 
silver-paint  coated  panel. 

The  pattern  of  damage  seen  in  Figures  71  and  74  to  the  silver 
coating  of  panels  LS-70-6  and  LS-70-8  was  considerably  different,  although 
they  were  tested  at  almost  the  same  current  level.  This  occurred  as  a 
result  of  the  method  of  grounding  used  on  panel  LS-70-8.  This  panel  was 
tested  with  the  uncoated  side  of  the  composite  panel  isolated  from  ground 
and  the  current  path  to  ground  attached  only  to  the  coated  side,  in 
contrast  to  all  other  panels  in  which  grounded  structure  was  clamped  on 
both  sides  of  the  panel.  The  back  side  of  the  panel  was  isolated  electrically 
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by  placing  an  insulating  board  around  the  back  perimeter  of  the  panel. 

This  method  of  test  was  tried  in  order  to  force  the  current  to  flow  off 
the  top  plies.  The  result  was  that  the  coating  separated  from  the  panel 
and  could  be  taken  off  in  large  flakes.  On  panel  LS-70-6  in  which  the 
sample  was  grounded  on  both  the  front  and  back  sides,  the  silver-paint 
coating  remained  adhering  to  the  panel  except  near  where  the  coating 
was  vaporized  by  the  arc. 

Regardless  of  the  effect  on  the  coating,  the  effects  on  the  panel 
itself  were  about  the  same. 

Panel  LS-70-7  (185  kA) 

Damage  to  panel  LS-70-7  was  circular  in  shape,  Figure  73.  A 

4-1/2"  x  1/2"  strip  of  front  ply  was  removed.  A  large  segment  of  the 
front  ply  was  separated  and  deformed.  The  back  of  the  panel  showed 
vertical  breaks  across  the  fibers  at  the  grounding-collar  point.  Warpage 
was  bad  with  concentric  deformation,  and  strain  lines  were  noted  across 
the  fibers  which  extended  to  2-1/2"  above  and  below  the  stricken  area. 

The  back  side  of  panel  LS-70-7  was  discolored  over  an  area  4-1/2"  in 
diameter,  while  the  back  side  of  the  unprotected  sample  LS-70-4  was 
checked. 

The  silver-paint  coating  was  almost  completely  vaporized  and  blown 
clear  of  the  panel  by  this  arc. 

The  thickness  of  these  panels,  0.04",  is  such  that  they  are  too  thin  for 
short  beam  shear  tests.  Consequently  the  degree  of  mechanical  degradation  was 
determined  by  taking  tensile  specimens  from  each  panel.  Figure  75  shows  a 
template,  cut  from  vinyl  sheeting,  overlaying  one  of  the  circular  discs  and 
indicating  the  dimensions  and  locations  of  the  fourteen  tensile-test  specimens 
which  were  cut  from  each  panel.  On  those  panels  using  a  silver-paint  coating 
the  paint  was  stripped  from  the  sample  to  insure  good  bonding  of  the  tensile 
section  surfaces  to  the  plastic  tabs  which  held  the  specimen  in  the  tensile- 
test  fixture.  The  template  was  designed  with  eight  of  the  specimens  aligned 
parallel  to  the  two  outer  plies  of  the  panels  (tensile  specimens  7  through  14) , 
and  six  parallel  to  the  inner  ply  (tensile  specimens  1  through  6) .  Peripheral 
sections  were  placed  in  or  close  to  the  grounding-collar  area  and  slack  spacing 
was  allowed  in  order  that  the  template  could  be  centered  within  reason  over  the 
lightning-strike  area,  if  it  was  not  in  the  exact  center  of  each  panel.  The 
specimens  were  cut  by  a  crystal-wafering,  diamond-blade  saw  to  produce  accurate 
dimensions  and  minimize  fiber  damage  on  each  cut.  The  tensile  strengths  are 
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s<hown  on  Table  XIV  and  plotted  on  Figures  76  through  78.  On  Figure  76  (for 
either  coated  or  silver  painted  panels)  the  tensile  strengths  of  all  the  speci¬ 
mens,  near  to  and  removed  from  the  arc  attachment  point  are  grouped.  There  is 
a  large  spread  between  maximum  and  minimum  tensile  strengths  since  specimens 
neai-  the  arc  at  attachment  point  were  more  severely  damaged  than  those  farther  away 
from  the  arc  attachment  point. 

The  samples  for  tensile  strength  measurements  were  cut  in  a  pattern  that 
allows  one  to  compare  the  strength  of  the  panel  at  different  distances  from  the 
striken  point.  Figures  77  and  78  show  the  tensile  strength  at  various  contours 
around  the  striken  point.  A  summary  of  the  more  obvious  results  of  the  test  is 
as  follows: 

Panel  70-1 

Tensile  strengths  were  uniform  except  on  specimens  13  and  14 .  Speci¬ 
mens  13  and  14  straddled  the  stroke -attachment  area  and  fell  with  the  area 
shown  by  the  "C"-scan  as  being  delaminated. 

Panel  70-2 

All  tensile  strengths  were  uniform.  Specimens  13  and  14  did  not  re¬ 
flect  the  delamination  shown  by  the  "C"~scan. 

.Panel  70-3 

Specimens  3,  7,  8,  9,  12,  and  14  showed  lower  tensile  values.  Speci¬ 
men  13  tensile  strength  was  high  even  though  it  straddled  the  area  shown 
delaminated  by  the  "C"~scan.  Specimens  3  and  8  showed  low  tensile  strength, 
but  the  "C"-scan  did  not  indicate  any  damage  at  that  point. 

Panel  70-4 

The  low  value  obtained  on  specimen  6  is  believed  to  be  the  result  of 
damage  in  specimen  preparation.  Specimens  12,  13,  and  14  showed  low  values 
as  expected  from  "C"-scan  data.  Specimen  3  showed  a  very  high  tensile 
strength  in  spite  of  the  "C"-scan  delamination  indication. 

Panel  70-5 

Based  on  "C"-scan  data,  specimens  3,  6,  9,  12,  13,  and  14  would  be  ex¬ 
pected  to  have  shown  low  tensile  values.  Of  this  group  only  no.  3  was  low. 
Panel  70-6 

Specimens  3,  7,  and  14  showed  low  tensile  strength.  "C'-scan  data  would 
suggest  that  specimens  2,  3,  6,  9,  12,  13,  and  14  should  have  been  low. 

Panel  70-7 

Specimens  2  and  3  showed  abnormally  low  values  believed  to  be  caused  by 
damage  in  sample  preparation.  Specimens  1  and  10  were  low,  suggesting  dam¬ 
age  at  the  grounding-collar  contact  region.  Specimens  13  and  14  showed  low 
values  as  would  be  predictable  from  "C"-scan  data. 
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Tensile  Strength  -  PSI 


FIGURE 


V*-  Standard  Deviation 


So 
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Test  Current  Level  -  kiloamperes 
Uncoated  Samples  (LS-70-1,  -2r-3,-4) 


Test  Current  Level  -  kiloamperes 
Silver-Paint  Coated  Samples  (LS-70-5, -6 , -7, -8) 


—  -  Tensile  Strengths  of  All  Specimens  Cut  From  0.040"  Thick  Graphite 
_ _ _  Fiber /Epoxy  Panels 
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Test  Current  Level  -  Kiloamperes 
Specimens  Furthest  from  Stricken  Point 


60  -4 


Test  Current  Level  -  Kiloamperes 
Specimens  Closer  to  Stricken  Point 


FIGURE  77  -  Tensile  Strengths  of  0.040"  Thick  Graphite  Fiber/Epoxy  Panels 
at  Different  Distances  from  the  Stricken  Point 


Panel  70-8 


Specimens  2,  3,  6,  7,  13,  and  14  showed  low  tensile  values.  Speci¬ 
mens  2  and  7  were  beyond  the  "C"-scan  damaged  area. 

Two  other  items  about  the  data  in  Table  XIV  seem  to  be  apparent.  The 
first  is  that  the  critical  damage  threshold  seems  to  be  about  75  kA.  A  criti¬ 
cal  threshold  is  hard  to  define,  but  around  75  kA  the  mean  tensile  strength  of 
all  specimens  for  several  inches  around  the  striking  point  seemed  significantly 
lower  than  for  the  sample  tested  at  the  nominal  50  kA  level,  of  more  signifi¬ 
cance  is  that  the  silver-paint  coating  did  not  seem  to  provide  any  protection. 
If  anything,  the  data  indicates  that  the  damage  was  greater  on  those  panels 
that  were  coated  with  silver  paint  than  on  uncoated  ones. 

The  samples  for  tensile  strength  measurements  were  cut  in  a  pattern  that 
allows  one  to  compare  the  strength  of  the  panel  at  different  distances  from 
the  stricken  point.  Figures  77  and  78  show  the  tensile  strength  at  various 
contours  around  the  stricken  point.  No  significant  difference  in  mean  values 
was  noted  at  the  different  locations,  at  least  as  regards  test  current  levels 
around  50  -  75  kA.  At  the  highest  test  current  levels  (or  immediately  adjacent 
to  the  stricken  point)  the  mean  tensile  strengths  were  low,  but  visual  observa¬ 
tion  of  the  surface  of  the  panel  at  those  points  would  indicate  that  the 
strength  should  be  low.  The  fact  that  the  specimens  from  the  panels  "protected" 

with  silver  paint  were  lower  than  those  from  the  unprotected  panels  should  not 
be  overlooked. 


in  summary,  perhaps  one  can  say  that  significant  degradation  in  the  struc 
tural  strength  of  a  panel  might  be  expected  to  a  distance  away  from  the 
stricken  point  of  twice  the  dimensions  of  the  area  in  which  the  fibers  were 

lifted  or  blown  away  by  the  stroke.  This  rule  of  thumb  should  be  applied 
cautiously. 


Resin  content  was  determined  on  all  tensile  specimens  of  panels  70-1  and 
70-4  to  determine  the  probable  spread  of  values  over  the  panel,  only  specimens 
1,  2,  3,  8,  9,  and  14  were  analyzed  for  resin  content  on  the  remai„in9  6  panels. 
Tne  resin  content  analytical  results  are  compiled  in  Table  XV.  No  significant 
trends  are  evident  except  the  fact  that  all  panels  show  an  abnormally  high 
resin  content  compared  to  the  preferred  range  of  35%  to  40%  resin. 


the 


Specimens  were  selected  for 
mid-section  of  each  tensile 


microscopic  examination  from  areas  adjacent  to 
specimen.  Twelve  photomicrographs  at  100X  were 
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prepared  for  each  panel.  Since  no  significant  differences  were  observed,  only 
one  complete  set  is  included  in  this  report  to  illustrate  the  micro-morphology 
of  the  damaged  area.  These  are  shown  on  Figures  79  through  90.  Figures 
79  through  84  refer  to  panel  GD-LS-70-3,  which  was  tested  at  57  kA  and 
Figures  85  through  2.90  refer  to  panel  GD-LS-70-4,  which  was  tested  at  184  kA. 
Both  of  these  panels  were  0.040"  uncoated  panels. 

All  photomicrograph  designations  correspond  to  the  tensile  specimen 
numbers  listed  in  Table  XIV.  Thus,  Figure  79  represents  the  appearance  of 
the  fibers  perpendicular  to  and  parallel  to  the  outer  plies  in  the  immediate 
vicinity  of  tensile  specimen  no.  1. 

Most  of  the  damage  observable  on  these  photomicrographs  appeared  to  be 
mechanical  in  nature,  and  not  due  to  thermal  degradation  of  the  fibers. 
Particularly  as  regards  panel  LS-70-3,  the  characteristic  damage  observed 
consisted  of  a  series  of  cracks  running  parallel  to  the  individual  fibers. 

Some  cracks  were  noted  on  the  photomicrographs  taken  before  the  lightning  with¬ 
stand  tests;  see  Figure  58  for  example.  None  of  those  cracks  were  as  large 
as  these  however.  The  panels  would  split  easily  in  a  direction  parallel  to  the 
fiber  reinforcements  because  the  only  strength  of  the  panel  lies  in  the  resin 
binder.  These  cracks  do  not  seem  to  have  degraded  the  tensile  strength  parti¬ 
cularly.  Tensile  specimens  1  and  2  of  panel  LS-70-3  both  showed  average  ten¬ 
sile  strength, while  specimen  3  showed  a  significantly  lowered  tensile  strength. 
Specimen  3  had  the  largest  cracks  of  any  of  these  three,  which  one  might 
expect,  since  it  was  closest  to  the  arc-attachment  point.  Tensile  specimen  8 
again  showed  a  lowered  strength,  but  the  photomicrographs  of  it  did  not  reveal 
cracking  any  worse  than  that  observed  on  specimens  1  and  2.  Specimens  9  and  14, 
even  closer  to  the  stroke-attachment  point,  showed  reasonably  high  tensile 
strengths,  even  though  specimen  14  on  the  photomicrographs  began  to  show  a 
good  amount  of  physical  tearing  and  lifting  of  the  fibers  on  the  top  ply. 

On  panel  LS-70-4,  tested  at  184  kA,  it  is  interesting  that  the  tensile 
strengths  of  specimens  1  and  2  are  normal  while  specimen  3  is  significantly 
stronger  in  spite  of  the  massive  damage  to  the  top  ply  shown  on  Figure  87. 
Specimen  3  was,  of  course,  immediately  below  the  stroke-attachment  point. 

Again,  the  fibers  and  resin  on  the  two  inner  plies  of  this  specimen  do  not  look 
any  different  than  do  the  fibers  and  resin  on  specimens  further  from  the  stroke- 
attachment  point  or  on  panel  LS-70-3  which  was  tested  at  a  57.5  kA  level.  On 
photomicrograph  3a  of  Figure  87  one  can  see  a  considerable  amount  of  blacken- 
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Tensile  Specimen  8A 


FIGURE  82  -  100X  Photomicrograph  of  a 


Damaged  Area  of  Graphite  Fiber/Epoxy 
Panel  After  Exposure  to  Simulated  Lightning  Discharge 
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Tensile  Specimen  9A 


FIGURE 


Tensile  Specimen  9B 
GD-LS-70-3 
(57.5  kA) 


83  -  100X  Photomicrograph  of  a  Damaged  Area  of  Graphite  Fiber/Epoxy 
Panel  After  Exposure  to  Simulated  Lightning  Discharge _ 


Tensile  Specimen  14A 


FIGURE  84  -  100X  Photomicrograph  of 


a  Damaged  Area  of  Graphite  Fiber/ 
Epoxy  Panel  After  Exposure  to  Simulated  Lightning  Discharge 


Tensile  Specimen  IB 
GD-LS-70-4 
(184  kA) 


FIGURE _ 85  -  100X  Photomicrograph  of  a 


Damaged  Area  of  Graphite  Fiber/Epoxy 
Panel  After  Exposure  to  Simulated  Lightning  Discharge 


sile  Specimen  3B 
GD-LS-70-4 
(184  kA) 


.crograph  of  a  Damaged  Area  of  Graphite  Fiber/ 
After  Exposure  to  Simulated  Lightning  Discharge 
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inj;  of  the  resin  around  the  fibers  in  the  top  ply.  Presumably  this  would  repre¬ 
sent  pyrolyzed  resin  surrounding  these  fibers  that  should  carry  the  most  current 
and  should  get  the  hottest.  A  little  of  this  same  blackening  of  the  resin  is 
noted  on  the  inner  ply  at  the  left  of  the  picture,  but  only  around  the  isolated 
fibers  and  around  the  one  small  crack  shown.  Specimen  2  also  shows  a  few 
isolated  fibers  having  this  blackening  of  the  resin  around  the  fibers.  The 
pyrolysis  of  the  resin,  if  indeed  that  is  what  it  is,  appears  on  both  the  outer 
and  inner  plies.  Specimen  8  does  not  show  any  of  this.  Specimen  9  shows  a 
few  isolated  fibers  having  what  are  believed  to  be  burned  spots  around  them. 

Specimen  14  shows  the  top  ply  split  away  from  the  remaining  plies  and  shows 
the  lifting  and  physical  tearing  of  the  fibers  that  was  also  observed  visually. 

In  summary,  the  photomicrographs  would  indicate  that  most  of  the  damage 
to  the  graphite  panels  is  due  to  mechanical  shock  caused  by  vaporization  of  the  resin 
leading  to  breaking  of  plies  and  splitting  of  bundles.  This  is  in  considerable 
contrast  to  the  patterns  observed  on  the  6"  x  12"  boron  panels  in  which  the 
photomicrographs  clearly  showed  thermal  degradation  of  the  individual  boron 
fibers. 

Since  much  of  the  physical  damage  seemed  to  be  due  to  cracking  parallel  to 
the  fiber  orientation  or  cracking  transverse  to  the  panel  thickness,  one  could 
speculate  that  if  the  graphite  fibers  were  woven  like  cloth,  there  would  be 
more  resistance  to  the  cracking  observed  on  these  photomicrographs.  Certainly 
the  points  where  the  fibers  would  cross  would  allow  a  more  even  distribution  of 
current  within  the  panels.  If  a  three-dimensional  weave,  somewhat  like  carpet 
tufting  could  be  fabricated,  the  resistance  to  lightning  damage  of  the  graphite 
panels  should  be  improved  even  more.  However,  even  if  the  graphite  fibers  could 
be  woven,  the  packing  density  of  the  individual  fibers  would  be  decreased  and 
the  net  mechanical  strength  of  the  panel  might  be  reduced  over  what  is  now. 

The  test  made  on  the  thicker  graphite  panels  of  nominal  thickness  0.120" 
will  not  be  described.  Photographs  of  the  damage  to  panels  LS-70-9  through 
LS-70-14  are  shown  on  Figures  91  and  92.  Also  shown  on  these  figures  are  data 
pertaining  to  an  acoustic  impedance  test.  The  significance  of  this  latter  will 
be  described  later. 

Panel  LS-70-10  (69  kA) 

This  was  an  uncoated,  0-90°  layup  panel  of  0.120"  thickness.  It  was 
tested  at  a  current  level  intermediate  between  the  0.040"  panels  LS-70-2 
(61  kA),  LS-70-3  (57  kA) ,  and  panel  LS-70-1  (85  kA) .  The  area  of  disrup¬ 
tion  of  the  panel  surface,  or  the  discolored  area,  was  about  the  same  on 
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this  thick  panel  as  on  the  thinner  0.040"  panels,  but  the  physical  lifting 
or  destruction  of  the  first  layer  of  fibers  was  less  on  this  thick  panel. 
The  arc  did  not  blow  a  hole  through  this  panel  as  it  did  on  the  thinner 
panels.  The  back  surface  was  undamaged,  at  least  visually;  however, 
tapping  the  back  surface  with  a  coin  showed  a  dead  area  in  the  center. 

At  the  outer  edges  the  panel  rang  clearly  as  though  the  fibers  were 
undamaged. 

Panel  LS- 70-11  (69  kA) 

This  was  an  uncoated  panel  of  0.120"  thickness  with  a  0-45° -90°  layup. 
It  can  be  compared  to  panel  LS-70-10  to  see  the  effects  of  ply  layup. 
Basically  there  does  not  seem  to  be  any  difference  between  the  amount  of 
damage  to  these  two  panels,  or  any  other  obvious  ply  effects.  Neither 
panel  was  burned  through  to  the  back  side. 

Panel  LS- 70-12  (101  kA) 

This  was  an  uncoated  panel  of  0.120"  thickness  with  a  0-45°-90°  layup. 
There  was  no  uncoated  panel  that  had  been  tested  in  a  directly  comparable 
manner.  The  closest  was  panel  LS-70-1,  a  0.040"  panel  that  was  tested 
at  85  kA.  Again,  there  were  no  obvious  defects  that  could  be  attributed 
to  the  effects  of  ply  layup.  This  panel  at  101  kA  did  not  burn  through 
to  the  back  surface  as  did  the  thinner  panel  70-1  (85  kA) . 

Panel  LS-70-9  (69  kA) 

This  was  a  silver-paint  coated  panel  of  0.120"  thickness  with  a  0-90° 
layup.  It  can  be  compared  to  uncoated  panels  LS-70-10  and  LS-70-11,  both 
of  which  were  0.120"  thickness  and  tested  at  the  same  current  level.  The 
damage  looked  about  the  same  on  the  coated  and  uncoated  panels,  both  with 
respect  to  the  damaged  area  and  the  amount  of  fibers  lifted  or  blown  away. 

Panel  LS-70-13  (101  kA) 

This  was  a  silver-paint  coated  panel  of  0.120"  thickness  with  a  0-90° 
layup.  It  can  be  compared  to  the  uncoated  panel  LS-70-12  of  0-45° -90° 
layup.  Again,  the  physical  damage  looked  about  the  same  coated  and  uncoat— 
ed.  The  damaged  area  was,  of  course,  greater  than  was  observed  at  the 
lower  current  level  on  panel  LS-70-9. 

Panel  LS-70-14  (203  kA) 

This  was  also  a  silver-paint  coated  panel  of  0.120"  thickness  with  a 
0-90°  layup.  It  can  be  compared  to  panels  LS-70-4  (184  kA)  ,  uncoated, 
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0.040"  and  LS-70-7  (185  kA)  ,  coated,  0.040".  There  was  an  increase  of 
damage  to  the  first  layer  of  panel  LS-70-14  compared  to  panels  LS-70-4 
and  LS-70-7.  However,  the  extent  of  vaporization  of  silver  paint  on 
panel  LS-70-7  was  more  extensive  than  on  panel  LS-70-14.  The  only  varia¬ 
ble  between  these  two  panels  was  the  thickness  of  composite  material.  it 
seems  that  this  thicker  composite  material  carried  more  of  the  current 
instead  of  the  current  being  diverted  onto  the  silver  paint  coating.  The 
silver-paint  coating  of  the  thinner  (0.040")  panel  70-7  carried  more  of 
the  impulse  current,  thereby  destroying  more  of  the  silver-paint  coating. 

Following  the  simulated  lightning  current  testing,  the  panels  were  given 
the  usual  nondestructive  tests  to  determine  the  extent  of  damage.  The  most 
significant  finding  is  the  fact  that  the  Thornel-50/epoxy  composites  coated 
with  silver  paint  were  more  severely  degraded  than  the  uncoated  panels.  While 
visual  comparisons  of  the  front  surfaces  (coated  sides)  of  panels  LS-70-9, 
LS-70-13,  and  LS-70-14  suggest  that  the  damage  of  both  groups  are  about  equal, 
the  ultrasonic  "C"-scan  data  measurements  show  the  damaged  regions  to  be  much 
larger  on  the  coated  panels.  As  examples,  panel  LS-70-9  (coated),  and  panels 
LS-70-10  and  LS-70-11  (uncoated)  all  were  subjected  to  the  same  current.  The 
ultrasonic  C-scan  data  revealed  two  to  four  times  larger  areas  of  damage  on  the 
coated  panels  compared  to  the  uncoated  panels. 

During  the  evaluation  of  these  test  panels, measurements  were  made  of 
acoustical  impedance,  a  type  of  measurement  not  used  during  previous  test 
analyses,  but  one  which  turned  out  to  show  considerable  promise  as  a  nondes¬ 
tructive  tool  for  the  evaluation  of  damaged  areas.  Basically,  the  instrument 
detects  changes  in  an  acoustical  standing  wave,  resulting  from  acoustic  impedance 
variations  in  the  structure  of  the  composites.  Acoustic  impedance  is  defined 
as: 

impedance  =  density  x  velocity  Eqn.  2-1 

Z  =  P  x  v  Eqn.  2-2 

this  product  consists  of  both  a  resistive  and  a  reactive  component,  depending  on 

whether  or  not  a  reflective  wave  (or  standing  wave)  condition  is  present  in  the 

material.  A  fairly  detailed  treatment  of  acoustic  impedance  is  given  in  the  two 

12 

references  cited  below.  ' 

1.  R.  Botsco,  "Nondestructive  Testing  of  Composite  Structure  with  the  Sonic 
Resonator",  Materials  Evaluation,  November,  1966. 

2.  P.  Hueter  and  R.  Bolt,  "Sonics",  John  Wiley  and  Sons,  New  York,  1955 
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Acoustical  impedance  is  strongly  affected (by  structural  damage  such  as 
unbonded  areas.  Therefore,  this  type  of  test  measurement  is  especially  well 
suited  for  detecting  damage  caused  by  lightning  strokes  on  these  reinforced 
composite  materials. 


A  small  diameter  piezoelectric  probe  is  used  to  both  generate  and  detect 
the  standing  wave  in  the  material  being  tested.  Changes  in  the  acoustic  impe¬ 
dance  in  the  material  under  test,  in  turn,  affect  the  electrical  impedance  of 
the  piezoelectric  probe.  These  electrical  changes,  although  quite  small,  are 
then  suitably  amplified, processed  and  displayed  for  visual  readout.  The  probe 
frequency,  shape  and  size  are  important  factors  related  to  the  success  of  measure¬ 
ment  . 

The  instrument  is  calibrated  by  adjusting  its  readout  to  some  arbitrary 
value  on  a  reference  sample  (or  area  of  a  material)  having  a  known  structural 
condition.  Measurements  on  other  nominally  similar  materials  (or  areas), 
should  show  the  same  instrument  meter  reading,  unless  internal  damage  is  pre¬ 
sent.  Thus,  after  calibration,  the  material  can  be  scanned  with  the  probe, 
while  an  operator  watches  for  (and  notes)  any  changes  in  meter  readout. 

Acoustic  impedance  measurements  were  made  in  many  locations  of  each  panel. 
These  are  shown  on  Figures  91  and  92,  along  with  the  visual  appearance  of 
the  panels  after  a  test.  For  these  two  figures  the  photographs  of  each  front 
surface  were  reversed  so  that  areas  of  arc  impingement  would  correspond  to 
acoustic  impedance  values  mapped  on  back  sides  of  each  panel.  On  the  figures 
high  numbers  correspond  to  damaged  areas  while  low  numbers  correspond  to  struc- 
turally-sound  areas.  The  scales  are  relative,  but  the  larger  the  number,  the 
greater  the  damage.  The  relative  acoustical  impedance  was  written  on  the  panels 
with  chalk.  In  a  few  cases,  the  photographs  of  the  panel  have  been  retouched 
with  white  ink  to  make  numbers  reproduce  better  for  this  report.  Those  areas 
where  the  tests  show  significant  damage  are  outlined  in  chalk.  Again,  as  a 
rough  rule  of  thumb,  it  appears  that  the  diameter  of  the  damaged  area,  as 
determined  acoustically,  is  about  twice  the  diameter  of  the  area  on  the  panel 
in  which  fibers  were  physically  lifted  or  blown  away  by  the  resulting  arc. 

It  seems  evident  that  the  damage  to  the  panels  "protected"  with  silver  paint 
seems  to  be  greater  than  the  damage  to  the  uncoated  panels. 

All  of  these  uncoated  panels,  and  all  of  the  uncoated  panels  described 
earlier,  show  a  crazing  of  the  epoxy  resin  around  the  arc-attachment  point. 
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Exactly  what  this  is  caused  by  is  not  certain,  but  it  at  least  does  not  seem  to 
be  indicative  of  fiber  damage.  Panel  GD-LS-70-T50-11  was  tested  with  a  piece 
of  masking  tap  adhesive  to  the  front  surface  near  the  arc -attachment  point. 
Examination  of  this  at  100X  magnification  showed  no  crazing  or  cracks  on  the 
surface  of  the  panel.  Adjacent  areas  all  showed  the  typical  crazing.  This 
observation  could  infer  any  of  three  damage  mechanisms:  (1)  mechanical  shock 
due  to  blow-off  of  material  at  the  arc-attachment  point,  (2)  sonic  blast  effects  from 
the  arc-pressure  wave,  or  (3)  radiation/ thermal  effects  from  the  stroke  itself. 

At  present  it  is  believed  that  mechanisms  (1)  and/or  (2)  are  more  reasonable 
than  (3)  .  Further  work  is  needed  to  fully  clarify  this  effect;.. 

2. 4  Current  Division  Tests 

One  of  the  questions  that  consistently  arises  during  lightning-resistance 
tests  on  these  laminated  composite  materials  is  the  degree  to  which  lightning 
current  penetrates  the  material.  At  the  stroke-attachment  point  the  current  is 
initially  confined  only  to  the  outer  ply,  at  least  until  such  time  as  the  arc 
burns  the  outer  ply  or  plies  away  and  makes  physical  contact  with  the  inner 
plies.  What  is  not  obvious  is  how  the  current  then  divides  within  the  panel 
whi]e  flowing  to  grounded  structures  around  the  periphery  of  the  panel.  To 
help  resolve  this  question,  three  of  the  13"  x  13"  panels  were  made  up  with  the 
ends  of  the  individual  graphite  plies  exposed  to  allow  the  current  flowing  on 
the  individual  plies  to  be  measured. 

2.4.1  Description  of  Test  Panels 

The  panels  manufactured  with  these  tabs  for  current  measurements  were 
designated  LS-70-T50-16 ,  -18,  and  -19.  All  of  these  were  uncoated  panels  of 
0.120"  nominal  thickness.  Panels  16  and  18  were  of  a  16-ply  layup  with  alter¬ 
nating  0°  and  90°  orientations  of  the  inner  plies,  the  panel  being  symmetrical 
about  the  mid-plane,  the  two  plies  at  the  center  (plies  8  and  9)  both  being  90° 
plies.  The  two  outer  plies  were  designated  0°  plies.  Panel  19  was  a  0^45° -90° 
panel . 

Counting  from  the  top  of  the  panel,  current  measurement  tabs  were  brought 
out  of  plies  1,  2,  8  and  9  (both  plies  joined  together  on  one  tab) ,  and  16  as 
shown  on  Figure  93.  On  each  ply  to  which  taps  were  made  the  graphite  fibers 
were  grouped  into  five  bundles  running  the  full  width  of  the  panel  and  extend¬ 
ing  out  beyond  on  the  edge  of  the  panel  for  about  1.5".  The  protruding  fibers 
in  each  bundle  were  then  electrically  interconnected  with  silver  epoxy.  Figure 
94  shows  the  orientation  of  these  current-measuring  tabs  and  the  terminal 
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Designat 


FIGURE  94  -  Top  View  of  Graphite  Fiber/Epoxy  Panel  LS-70-T50-18  Showing 
Various  Plies  for  Current  Measurements  and  Irrroulse  Points  o 


I 

I 


j 


[r 


. . . . . .  l|  III^I^IIIIHIII  «l|l!P(rf||ll  JIIUPI  '«■ . «»"!  . ■'■»>'W"l!'iW«llf««l|lll|l!MI|l|>lllll'l1IliPII|>l|ll»HHI 


«<?  ■  -nations  given  to  them.  Sketch  A  shows  the  orientation  of  the  top  two 
p.lios;  .sketch  B  shows  the  orientation  of  the  two  plies  underneath.  Figure  94 

is  representative  of  panels  LS-70-T50-16  and  -18.  It  is  also  representative  of  panel 
*  S-70-T50-19  with  the  exception  that  Tabs  2-1  through  2-10  come  out  at  a  45°  angle. 
2.4.2  Test  Methods 

Ideally,,  one  would  like  to  apply  a  lightning-surge  current  to  the  panel  and 
simultaneously  measure  the  current  coming  from  each  of  the  measurement  tabs, 
measurements  being  made  of  both  current  amplitude  and  current  waveshape.  Since 
each  panel  has  40  tabs  such  a  measurement  would  involve  40  channels  of  instrumen¬ 
tation.  No  such  number  of  measurement  channels  was  available  for  the  tests  and 
consequently  the  problem  of  current  division  was  approached  in  a  series  of  small 
tests,  rather  than  one  all-or-nothing  test.  Furthermore,  the  initial  tests 
were  made  with  a  relatively  low-amplitude  surge  generator  rather  than  the  high- 
current  surge  generator  used  for  the  tests  described  so  far.  The  low  amplitude 
generator  operated  at  a  charging  level  of  about  15  -  20  kV,  and  produced  a  surge 
current  of  the  order  of  100  amperes.  This  amount  of  current  was  essentially 
non-destructive  to  the  panels,  but  still  came  from  a  high  enough  voltage  source 
to  cause  breakdown  of  the  insulating-epoxy  films  in  the  panel,  with  a  low- 
current  source  it  was  possible  to  inject  current  into  the  panel  at  a  number  of 
points  and  measure  the  current  division  successively  on  the  different  tabs. 

Another  prime  reason  for  starting  the  test  series  «  relatively  low 
voltage  and  current  level  was  that  the  high-voltage,  high-amplitude  surge  genera¬ 
tor  would  occasionally  misfire  and  discharge  before  it  was  expected  to.  One 
ran  the  risk  of  trying  to  set  up  an  elaborate  instrumentation  scheme  to  measure 
the  current  division  only  to  have  the  test  panel  destroyed  due  to  a  malfunction 
of  the  impulse  generator  and  not  have  any  measurements  to  show  for  the  test. 

The  test  generator  used  for  the  test  series  is  shown  on  Figure  95.  Also 
shown  is  one  of  the  test  panels  undergoing  tests.  The  circuit  diagram  and 
method  of  making  tests  is  shown  on  Figure  96.  Briefly,  the  impulse  generator 
was  connected  with  a  wire  directly  to  one  point  on  the  test  panels.  when  the 
generator  was  discharged,  the  current  was  injected  into  the  panel.  This  could  be 
measured  by  a  pulse  current  transformer  over  the  current-injection  lead,  while 
the  current  flowing  from  the  panel  on  any  of  the  individual  measurement  tabs 
could  be  measured  with  a  similar  current  transformer. 

The  first  meaningful  series  of  measurements  were  made  with  current  injec¬ 
ted  into  the  center  of  the  panel  and  the  20  tabs  from  plies  1  and  2  grounded 
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''MK  the  remaining  tabs  from  plies  8,  9,  and  16  were  left  insulated  from  ground. 
The  results  of  the  measurements  are  shown  in  graphical  form  on  Figure  97. 

The  format  of  this  chart  is  explained  on  Figure  98.  Basically,  Figure  97 

shows  the  20  current  measurement  tabs  along  the  four  edges  of  the  rectangular 
panel  rolled  out  into  a  straight  line.  The  peak  magnitude  of  the  current 
coming  off  the  various  tabs  is  then  shown  on  the  vertical  axis.  If  one  were  to 
make  a  cutout  of  this  figure,  cutting  along  the  tops  of  the  individual  vertical 
bars  that  correspond  to  current  on  individual  plies,  and  then  fold  the  cutout 
into  a  closed  box  form,  one  would  obtain  a  three-dimensional  representation  of 
the  division  of  current  among  the  various  plies. 

The  first  thing  that  is  immediately  obvious  is  that  there  is  a  concentra¬ 
tion  of  current  at  one  corner  of  the  panel.  While  at  first  it  was  thought  this 
was  a  ply  effect  in  the  panel,  it  turned  out  that  the  high  current  at  this  one 
corner  was  caused  only  by  the  configuration  of  the  external  leads  bringing  the 
surge  current  into  the  test  panel  from  the. current  surge  generator.  This  supply 
lead  was  draped  toward  the  particular  corner  that  had  high  currents.  The  general 
configuration  of  this  lead  is  shown  on  Figure  98.  As  a  result,  the  magnetic 
fields  around  this  supply  lead  tended  to  force  the  current  from  the  tabs  to  be 
concentrated  near  the  supply  lead,  producing  the  current  distribution  that 
resulted  in  a  minimum-energy  configuration  for  the  total  magnetic  field  in  the 
circuit.  The  significant  point  then  is  how  much  the  external  current-carrying 
members  can  influence  the  current  distribution  within  the  various  parts  of  the 
composite  test  panel. 

When  plies  2  and  16  were  grounded  and  plies  1,  8  and  9  left  ungrounded, 
the  distribution  of  surge  currents  is  as  shown  on  Figure  99.  Again,  there 
is  a  concentration  of  current  around  the  corner  closest  to  the  lead  carrying 
the  current  that  was  injected  into  the  test  panel. 

Having  once  recognized  the  need  to  keep  the  configuration  of  the  supply 
lead  symmetrical  with  respect  to  the  test  panel,  we  arranged  for  the  supply 
lead  to  be  brought  directly  down  into  the  center  of  the  test  panel.  Under  these 
conditions  the  current  division  among  the  various  tabs  was  quite  uniform. 

When  all  of  the  40  tabs  were  grounded,  the  distribution  of  currents  became  as 
shown  on  Figure  100.  The  peak  current  in  almost  all  plies  was  between  2  and 
3  amperes.  Since  the  current  injected  into  the  center  was  97  amperes  and  there 
were  40  tabs,  the  average  current  should  be  2.4  amperes  per  tab. 

The  waveshapes  of  three  of  the  representative  currents  from  the  various 
tabs  are  shown  on  Figure  101.  They  show  that  the  current  divides  among  the 
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97  -  Impulse  Current  Division  When  Plies  1  and  2  are  Grounded,  Plies  8,  9  and  10  Not  Grounded 
_ Current  Injected  at  Center  -  102  Amperes _ 


Supply  Lead  draped  toward  this 
corner  caused  high  currents  to 
flow  from  these  tabs. 


FIGURu  98  -  Development  of  Tabs  for  Data  Presentation 


FIGURE  99  -  Impulse  Current  Division  When  Plies  2  and  16  are  Grounded,  Plies  1  and  8  and  9  Not  Grounded 
_ Current  Injected  at  Center  =  98  Amperes 


FIGURE  100  -  Impulse  Current  Division  When  All  Plies  are  Grounded.  Current  Injected  at  Center  =  97  Amoeres 


Time  Microseconds 


FIGURE 


Applied  Current  Waveform 


101  -  Impulse  Current  Division  on  Panel  LS-70-T50-16 


various  tabs  in  the  panel  almost,  but  not  quite,  according  to  the  resistance  of 
the  various  current  tabs.  If  the  flow  of  current  were  controlled  only  by  re¬ 
sistance,  the  waveshape  of  the  current  flowing  from  each  tab  would  be  the  same 
as  the  applied  current  waveshape,  even  if  the  maximum  current  amplitude  were 
not  the  same.  It  is  evident  that  the  waveforms  are  slightly  different  among 
the  various  tabs.  This  is  an  indication  that  the  flow  of  current  is  controlled 
at  least  partially  by  the  inductance  of  the  various  current  paths.  The  effects 
of  resistance,  however,  predominate  since  these  three  currents  were  chosen  as 
extreme  examples  of  the  deviation  from  a  resistance-controlled  distribution. 

If  the  conductivity  of  the  panel  were  very  good,  (comparable  to  a  metal 
like  aluminum)  one  would  expect  the  current  to  diffuse  from  the  center  into  the 
various  inner  plies  much  more  slowly  than  it  would  if  the  conductivity  were 
very  low. 

The  current  division  on  the  other  two  panels  with  tabs  was  also  measured 
in  a  similar  manner,  with  results  as  shown  on  Figure  102  and  103.  On  panel 
LS-70-T50-18  the  current  division  was  not  quite  as  uniform  as  on  panel  LS-70-T50- 
16,  but  in  no  case  were  there  really  pronounced  differences  in  the  peak  current 
among  the  various  tabs.  Ply  effects  did  not  seem  to  make  a  difference  since 
there  is  no  clearly  discernable  difference  between  the  results  measured  on 
panel  LS-70-T50-19  (the  one  with  ply  2  at  a  45°  angle)  and  the  data  from  panels 
LS-70-T50-16  or  LS-70-T50-18. 

A  point  of  considerable  significance  is  that  none  of  the  oscillograms  of 
current  in  the  various  plies  showed  any  discontinuities  or  sudden  changes  in 
current  that  would  be  indicative  of  a  breakdown  of  the  dielectric-resin  layers 
between  the  various  plies.  The  panels  seemed  to  behave  more  or  less  as  an 
isotropic  panel.  Evidently  the  pressure  applied  to  the  panels  during  the  layup 
procedure  presses  the  individual  graphite  fibers  into  contact  with  each  other 
at  enough  points  that  the  current  can  divide  among  them  without  the  necessity 
of  puncturing  a  film  of  epoxy  resin  to  get  from  one  fiber  to  another.  What 
percentage  of  the  fibers  made  contact  with  each  other  or  what  percentage  is 
truly  necessary  to  ensure  good  current  division  is  difficult  to  say.  The 
photomicrographs  of  the  6"  x  12"  graphite  panels  do  not  show  very  many  fibers 
making  a  contact  with  each  other,  particularly  between  the  plies,  but  perhaps 
not  very  many  contacts  are  truly  necessary. 

If  the  current  division  among  the  plies  is  fairly  uniform  at  this  relatively 
low-current  and  low-voltage  level,  one  would  expect  the  separation  between  plies 
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FIGURE  102  -  Impulse  Current  Division  When  All  Plies  are  Grounded.  Current  Injected  at  Center =  98  Amps 


FIGURE  103  -  Impulse  Current  Division  When  All  Plies  are  Grounded. Current  Injected  at  Center  =  96  Amperes 


■  ht'  i  .'mp,  matrix  to  have  even  less  effect  at  the  high-current  and  high- 
r:r-.o  !  n  ld  levels  associated  with  an  actual  lightning  contact.  in  all 
’ca!  1 1  i ty  it  would  appear  that  the  current  division  among  the  various  plies 
the  panels  would  depend  more  upon  the  external  current  paths  (or  upon  the 


external  magnetic  fields  produced  by  such  current  paths)  or  upon  the  mechani¬ 
cal  contact  at  the  edge  of  the  panels  than  it  would  upon  the  internal  con- 


s ... ..  c  t. ion  of  the  panels.  Assuming  a  homogeneous  body,  the  division  of  current 
in  a  structure  like  this  sheet  is  controlled  by  the  resistance  and  inductance 


of  the  path  through  which  the  current  must  flow.  For  transients  of  short 


duration  (or  high  frequencies)  the  current  divides  up  according  to  the  i.nduc- 
i-ai  _e  of  the  various  paths.  At  lower  frequencies,  or  with  longer— duration 
pulses,  the  current  divides  up  according  to  the  resistance  of  the  various  paths. 
,n  order  to  get.  a  '  ballpark"  analytical  handle  on  which  effect  predominates, 
we  made  a  series  of  resistance  measurements  between  the  various  tabs  of  panel 
LS-70-T50-18 .  The  results  are  displayed  on  Table  XVI.  They  show  that 
the  resistance  between  practically  any  two  tabs  on  the  panel  is  from  0,].  to 
0.15  ohms.  The  inductance  between  any  of  the  tabs  was  not  measured,  but  would 
be  of  the  order  of  0.1  /ih.  Thus  the  characteristic  time  constant  of  the  panel 
(T  =  L/R)  would  be  of  the  order  of  1  /.is.  Current  pulses  of  duration  shorter 


than  1  us.  would  divide  predominantly  according  to  the  inductance  of  the 
various  current  paths  on  the  panel.  These  would  be  controlled  primarily  by 
the  mechanical  shape  of  the  panel.  Current  pulses  of  duration  longer  than 
l  lis.  would  be  controlled  primarily  by  the  resistance  of  the  panel. 


The  diagonal  resistance  of  the  panel  was  approximately  0.135  ohms.  This 
resistance  was  compared  to  the  diagonal  resistance  of  a  square  of  0.13  mil 
thick  aluminum  foil  of  approximately  the  same  dimensions  as  the  graphite  test 
panel.  The  conductivity  of  the  aluminum  foil  was  calculated  at  about  2  micro-ohm 
centimeters.  Allowing  for  thickness  of  the  panel  (0.123")  the  equivalent 
resistivity  of  the  graphite  test  panel  material  would  then  be  about  2000 
micro-ohm  centimeters. 


Knowing  the  resistivity  of  the  bulk  graphite  material  and  assuming  it  to 
be  homogeneous,  one  can  calculate  the  equivalent  skin  depth  of  the  material  as 
a  function  of  frequency.  Skin  depth  is  that  depth  at  which  the  current  density 
fallr'  off  to  1/e  of  its  value  at  the  surface  of  the  panel.  The  calculated 
skin  depths  were  as  given  in  Table  XVII. 
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TABLE  XVI 


DC  Resistance  Between  Selected  Tabs  on 
_ _ ^  Panel  LS-70-T50-18 


Foints  between  which  Measurements  were  Taken 


Resistance 


Tab  1-1 

to 

Tab  1-10 

1-2 

1-9 

1-3 

1-8 

1-4 

1-7 

1-5 

1-6 

1-1 

1-6 

1-5 

1-10 

2-1 

2-10 

2-2 

2-9 

2-3 

2-8 

2-4 

2-7 

2-5 

2-6 

1-1 

2-10 

1-3 

2-8 

1-5 

2-6 

1-1 

2-5 

1-1 

16-6 

1-5 

16-10  ' 

1-1 

8,9-10 

1-1 

16-1 

1-5 

16-5 

0.117-n. 

0.132 

0.115 

0.123 

0.165 

0.132 

0.136 

0.123 

0.102 

0.097 

0.120 

0.114 

0.108 

0.114 

0.151 

0.120 

0.134 

0.130 

0.098 

(half  of  Tab  16- 
u./iou  broken  off) 

0.118 


1 
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TABLE  XVII 

Skin  Depth  of  Panel  LS-70-T50-18 


Frequency  Skin  Depth 

1  kHz  2.80" 

10  kHz  0.89" 

100  kHz  0.28" 

If  the  waveshape  of  a  typical  lightning  surge  current  is  subjected  to  a 
Fourier  analysis,  one  finds  that  the  dominant  frequency  components  lie  in  the 
range  1  to  100  kHz,  with  a  peak  in  the  ne ighborhood  of  10  kHz.  This  data  in 
Table  XVI  then  would  indicate  that  at  the  frequencies  of  interest  the  current 
density  should  not  be  greatly  different  over  the  thickness  of  the  test  panel. 
These  calculated  skin  depths  would  then  again  indicate  that  the  division  of 
current  among  the  various  tabs  of  these  panels  should  be  controlled  primarily 
by  the  dc  resistance  of  the  paths,  an  observation  in  agreement  with  all  of  the 
other  attempts  to  measure  the  actual  distribution  of  current. 

While  all  of  the  testing  at  the  low  current  level  indicated  that  there 
should  be  no  particular  ply  effects,  it  was  still  felt  desirable  to  attempt  a 
measurement  of  the  current  distribution  at  a  high-current  level  typical  of 
lightning  currents.  Since  at  high  currents  only  one  shot  can  be  applied  to  the 
panel,,  it  was  necessary  to  devise  a  method  of  measuring  the  current  in  the 
individual  plies  that  would  allow  40  measurements  to  be  made  simultaneously. 

The  method  finally  chosen  for  the  test  employs  magnetic  links.  A  magnetic  link 
is  a  small  bundle  of  permanently-magnetizable  metal  strips  which,  when  placed 
in  a  magnetic  field,  become  magnetized  to  a  degree  depending  upon  the  peak 
magnetic  field  intensity  in  the  neighborhood.  This  magnetic  field  intensity 
can  then  be  related  to  the  peak  current  flowing  in  the  conductor  that  produced 
the  magnetic  field. 

The  dimensions  of  the  magnetic  link,  the  method  of  mounting  the  link  and 
attachment  to  the  tab  to  be  measured,  and  the  method  of  measuring  the  magnetic 
state  of  the  link  are  shown  on  Figure  104.  The  magnetic  link  itself  is 
tubular  in  form  and  about  9  millimeters  diameter  by  37  millimeters  long.  in 
order  to  use  the  links, short  strips  of  copper  ribbon  were  attached  to  each  of 
the  tabs  on  the  test  panel.  This  copper  ribbon  was  wrapped  around  the  magnetic 
link  in  a  manner  as  to  force  the  resultant  magnetic  field  along  the  axis  of  the 
link.  A  copper  strap  then  conducted  the  current  from  the  different  measurement 
tabs  to  ground  and  produced  a  magnetic  field  within  the  copper  strap  proportional 
to  the  current  flowing  through  the  strap. 


Tn  order  to  measure  the  degree  of  magnetization  of  the  link,  and  hence  the 
peak  current,  the  link  was  inserted  into  a  coil  of  wire  to  which  was  attached 
a  ballistic  galvanometer.  If  the  link  is  suddenly  removed  from  the  coil,  the 
changing  magnetic  field  associated  with  the  motion  of  the  link  induces  a 
voltage  in  the  coil  which  in  turn  produces  a  deflection  of  the  galvanometer. 

The  deflection  of  the  galvanometer  can  be  calibrated  against  the  state  of 
magnetization  by  injecting  known  currents  through  the  copper  strap  and  deter¬ 
mining  the  deflection  produced  as  the  link  is  magnetized  by  the  resultant 
magnetic  field. 

Panel  LS-70-T50-16  was  the  first  panel  tested  in  this  way.  A  photograph 
of  the  panel  arranged  for  test  and  an  oscillogram  of  the  current  wave  used  for 
the  test  are  shown  on  Figures  105  and  106.  The  recorded  current  division 
is  shown  on  Figure  107.  The  results  of  the  measurements  were  not  too 
encouraging.  As  can  be  seen  on  Figure  107,  the  indicated  peak  currents  are 
greatly  different  for  the  different  tabs  and  do  not  sum  up  to  anywhere  near  the 
total  peak  current  injected  into  the  center  of  the  panel.  It  is  felt  that 
quite  possibly  the  links  were  arranged  so  that  the  magnetic  field  induced  in 
one  link  had  an  undue  influence  on  the  adjacent  links. 

2. 5  Tests  on  Honeycomb  Sandwich  Panels 

As  part  of  the  test  effort  on  this  contract,  simulated  lightning  tests  were 
performed  on  six  panels  fabricated  by  Grumman  Aerospace  Corporation  under  Air 
Force  Contract  F33-615-69-C-1498,  "Repair  Technology  for  Boron/Epoxy  Composites". 
Five  of  the  panels  were  sandwich  elements  containing  boron/epoxy  skins  over 
an  aluminum  honeycomb  core.  The  skins  were  finished  with  a  silver-filled  epoxy 
coating  that  was  0.003  -  0.004"  thick.  The  panels  were  all  9"  wide,  but  of 
varying  thicknesses  and  lengths.  The  panels,  prior  to  coating,  had  been 
completely  non-destructively  tested  and  found  free  of  defects. 

A  sixth  panel,  fabricated  by  Grumman,  was  similar  to  the  other  five  panels 
in  that  it  had  a  boron/epoxy  skin  and  an  aluminum  honeycomb  core.  Instead  of  a 
silver-bearing  coating,  however,  the  BOeing  Company  had  applied  a  lightning 
protection  system  to  this  panel  in  the  form  of  a  coating  consisting  of  an 
aluminum  wire  fabric  impregnated  with  an  epoxy-polyimide  resin.  The  wire  fabric 
was  a  200  x  200  mesh,  0.0021"  wire-twilled  weave.  This  was  approximately  equiva¬ 
lent  to  a  2  or  1.4  mil  aluminum  foil.  This  coating  was  developed  under  Air  Force 
Contract  F33 (615) -69-C-1612,  "Coatings  for  the  Lightning  Protection  of 
Reinforced  Plastics".  Each  sample  had  two  finished  sides  so  that  more  than  one 
lightning  test  could  be  made  on  each  panel. 
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F IGURE  105  -  Graphite  Epoxy  Tab  Panel  LS-70-T50-16  in  Tesl 

Position  Showing  Magnetic  Thinks  Sheathed  in 
_ Copper  Foil 
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Peak  Current  -  57.5  kA 
5  gs/div.  25.7  kA/div. 


FIGURE  106  -  Applied  Current  Waveshape  Used  fn  Simulated  Lightning 
Tab  Panel  Tests  on  Graphite/Epoxy  LS-70-T50-16 
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FIGURE  107  -  Impulse  Current  Division  when  all  Pi ies  Are  Grounded. 

Current  Injected  at  Center  =  57.5  kA 


The  objectives  of  the  test  were  to  determine  the  amount  of  damage  caused 
by  the  simulated  lightning  strokes  and  to  determine  if  any  of  the  panels  could 
withstand  a  200  kA  simulated  lightning  stroke.  Originally, the  damaged  panel 
and  coating  was  to  be  re-worked  and  repaired  with  the  intention  of  exposing  the 
panel  to  simulated  lightning  strokes  again,  in  order  to  assess  the  worth  of  the 
repair  structure.  As  it  turned  out,  the  panels  were  never  retested. 

2.5.1  Test  Methods 

These  panels  were  tested  using  the  method  shown  in  Figure  108.  One  end 
of  the  panel  was  clamped  in  a  ground  return  structure  consisting  of  two  pieces 
of  aluminum  angle  held  onto  the  test  panel  with  clamps.  The  high  current  arc 
was  struck  to  the  selected  point  on  the  panel  through  a  1"  air  gap.  In  general, 
two  discharges  were  struck  to  each  side  of  each  test  panel.  The  objective  was 
to  divide  the  9"  dimension  of  each  panel  into  four  2-1/4"  wide  specimens  for 
mechanical  tests  by  Grumman  after  the  lightning  exposure.  The  two  outside 
segments  were  to  be  control  specimens  and  receive  no  direct  lightning  discharges 
while  the  two  interior  specimens  were  to  receive  discharges,  each  specimen 
being  tested  at  a  different  current  level. 

The  current  discharges  for  all  of  these  tests  were  oscillatory  like  those 

» 

used  for  the  tests  on  the  other  panels. 

2.5.2  Test  Results 
Specimen  No.  BR-109-3 

This  was  a  rectangular  honeycomb  panel  that  received  four  test  shots 
on  one  side  and  one  on  the  other.  Photos  taken  before  and  after  the  tests 
are  shown  on  Figure  108.  The  first  shot  was  at  a  current  level  of  4.85  kA 
peak.  This  shot  did  little  more  than  discolor  the  coating  over  a  3.5" 
diameter  circle  around  the  contact  point.  No  other  visual  damage  to  the 
honeycomb  material  was  noted.  The  test  did,  however,  increase  the  resis¬ 
tance  of  the  silver  coating.  Before  the  test,  resistance  had  been  measured 
diagonally  across  the  panel,  and  between  the  two  sets  of  edges.  The 
measurements  of  resistance  before  and  after  are  given  in  Table  XVIII. 
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A. 


Before  Test 


B. 


Side  2,  After 
72.7  kA  Discharge 


Side  2,  After 
111  kA 
Discharge 


Before  and  After  Photographs  -  Panel  BR-109-3 


TABLE  XVI T I 

Resistance  Measurements  Before/After  Lightning  Test 

Tab  Measured  Resistance  Before  Test  Resistance  After  Test 

Diagonal  0.34  ohms  520  ohms 

Short  Side  0.510  ohms  475  ohms 

Long  Side  0.28  ohms  410  ohms 

No  particular  effort  was  made  to  analyze  the  reason  for  increase 
in  coating  resistance.  Possibly  the  shock  wave  destroyed  the  continuity 
of  the  silver  particles  of  the  coating,  or  possibly  it  broke  them  loose 
from  the  boron  fibers  in  the  panel. 

The  second  shot  was  to  a  different  point  on  the  panel,  but  on  the 
same  side.  At  a  current  level  of  72.7  kA,  there  again  was  only  discolora¬ 
tion  of  the  surface  coating,  with  no  damage  to  the  panel  itself  (Figure 
108B) . 

The  third  shot,  at  111  kA,  again  resulted  in  a  discoloration  over 
about  a  3.5"  diameter  circle,  and  produced  pitting  of  the  coating  at  the 
point  of  stoke  contact.  It  did  not,  however,  result  in  any  apparent  damage 
to  the  panel  itself  (Figure  108C) . 

The  fourth  shot  was  at  the  level  of  168  kA.  This  shot  again  gave 
pitting  of  the  surface  at  the  point  of  contact.  By  tapping  the  panel 
around  the  stroke- impingement  point,  there  was  found  a  0.5"  wide  dead  area. 
This  shot  also  gave  burning  of  the  honeycomb  material  between  the  two  panel 
faces  (Figure  108D) .  At  the  time  of  test,  no  attempt  was  made  to  determine 
how  deep  into  the  honeycomb  the  damage  extended. 

The  last  test  on  this  panel  was  made  on  the  other  side  at  a  current 
level  of  149  kA.  The  damage  to  the  coating  covered  an  area  of  about  2.5" 
x  2.0".  There  were  approximately  15  pits  in  the  surface  of  the  panel,  the 
largest  pit  being  0.75"  x  0.375".  Tapping  of  the  panel  with  a  coin  did  not 
reveal  any  dead  areas  like  those  found  at  the  168  kA  level  on  the  other 
face  of  the  panel.  The  test  did  cause  considerable  blackening  of  the 
honeycomb  material.  None  of  the  tests,  however,  seemed  to  cause  any  major 
structural  damage  to  the  panels. 

Specimen  No.  BR-109-1 

This  was  another  rectangular  sample  with  a  skin  thickness  of  .250", 
but  it  had  a  thinner  section  of  aluminum  honeycomb  material.  The  first 
test  on  side  1  was  at  88  kA.  This  test  caused  some  pitting  of  the  coating 
and  some  damage  to  the  aluminum  coating  on  the  side  of  the  test  panel. 

The  next  test  was  again  on  side  1,  at  a  current  level  of  134  kA. 


Tho  surface  was  pitted  over  a  distance  of  .125"  x  0.25".  There  were  a  few 
smaller  holes  around  the  stroke- impingement  point  and  some  more  of  the 
honeycomb  was  blown  out  near  the  corners. 

The  second  side  also  received  two  shots.  The  first,  at  a  current 
level  of  84  kA,  caused  pitting  of  the  surface  about  0.25"  diameter.  There 
were  a  number  of  smaller  pits  also,  these  pits  forming  a  cluster  about  3" 
in  diameter. 

The  last  shot  on  the  panel  was  on  side  two  at  111  kA.  Again,  this 
caused  numerous  small  pits  over  a  region  approximately  2"  in  diameter. 

It  also  caused  three  pits  of  dimensions  approximately  .25"  x  .25". 

Figure  109-A  shows  the  damage  on  the  second  side  of  this  panel. 

While  all  the  tests  caused  extensive  discoloration  of  the  protective 
coating,  they  did  not  seem  to  cause  any  pronounced  structural  damage  to 
the  panels. 

Sample  No.  BR-103-3 

This  panel  had  a  thickness  of  0,045"  and  a  thinner  honeycomb  section 
than  either  of  the  two  previous  panels.  The  sample  received  two  shots  , 
both  on  the  same  side.  The  first,  at  a  level  of  107  kA,  blew  a  hole 
approximately  0.5"  x  0.5"  into  the  panel. 

The  second  shot  was  at  a  level  of  72.7  kA.  it  blew  a  1"  x  0.5"  hole 
in  the  panel  and  blew  a  piece  of  honeycomb  (1"  square)  loose  from  the  edge 
of  the  panel  at  the  point  nearest  to  the  arc.  A  photograph  of  the  resul¬ 
tant  damage  is  shown  on  Figure  109-B. 

Sample  No.  BR-108-1 

This  panel  had  a  skin  thickness  of  0.045".  This  sample  received  two 
shots.  The  first  was  at  107  kA  on  side  2.  The  arc  blew  a  hole  into  the 
panel  of  0.5”  x  0.125"  dimension,  gave  pitting  of  the  surface  over  an  area 
of  about  1.5"  x  0.5"  and  caused  delamination  of  the  skin  from  the  honey¬ 
comb  over  an  area  of  about  2"  diameter. 

The  second  shot  was  at  87  kA  on  side  one  and  caused  approximately  the 
same  damage  as  observed  on  the  other  side  of  the  107  kA  level.  See 
Figure  109-C. 

Sample  BR-108-3 

All  of  the  previous  panels  had  been  tested  with  one  end  of  the  honey¬ 
comb  panel  clamped  in  a  ground  support  structure.  A  question  arose  as  to 
what  would  happen  if  a  panel  were  not  mechanically  and  electrically 
connected  to  the  ground  structure  of  the  generator  and  the  arc  were  allowed 
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Sample  BR-109-1  Side  2  After  84  kA 
and  111  kA  Discharges 


Sample  BR-108-1 
Side  1  After  87  kA 
D i scharge 


D.  Sample  BR-103-3  Before  Test 


IGURE  109  -  Simulated  Lightning  Tests  on  Honeycomb  Panel 
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to  strike  the  panel  on  one  side  and  then  flash  from  the  panel  to  the 
ground  structure  on  the  other  side.  Accordingly,  this  panel  was 
spaced  about  0.75"  from  a  grounded  metal  plate  by  the  use  of  4  small 
porcelain  insulators.  The  high-voltage  electrode  was  positioned  1"  above 
the  center  of  the  panel.  A  photograph  of  the  panel  before  undergoing 
test  is  shown  on  Figure  109D. 

In  this  configuration,  there  was  one  test  on  the  panel  at  a  current 
level  of  71.5  kA.  At  the  arc- impingement  side, the  arc  blew  one  small 
hole  in  the  center  of  the  panel.  On  the  other  side, the  arc  exited  from 
one  corner  of  the  panel.  At  both  points  the  damage  was  about  the  same  as 
was  caused  by  similar  current  levels  with  the  sample  clamped  in  the 
ground  structure. 

After  this  test  with  the  panel  isolated  from  the  ground  structure, 
it  was  then  tested  with  one  edge  solidly  grounded,  like  the  previous 
panels  that  had  been  tested.  The  test  was  made  at  a  level  of  71.5  kA 
on  the  other  face.  The  shot  again  caused  some  puncturing  of  the  panel 
and  discoloration  over  the  surface  of  the  panel.  Figure  110-A  shows 
the  damaged  panel  after  the  above  tests. 

Specimen  BR-103-1  (Boeing  Panel) 

This  panel  received  two  tests,  the  first  at  154  kA  and  the  second  at 
203  kA.  At  the  154  kA  level,  there  was  apparently  no  damage  to  the  panel 
except  a  slight  discoloration  of  the  surface.  The  amount  of  this  discolora¬ 
tion  was  far  less  than  was  observed  on  the  silver-paint  coated  samples  at 
a  much  lower  current  level.  At  the  second  level  of  203  kA,  there  was  some 
pitting  of  the  surface  accompanied  by  a  mechanical  separation  of  the 
laminated  surface  from  the  honeycomb  filler.  Presumably  the  mechanical  shock 
associated  with  the  arc  cracked  the  adhesive  joining  the  panel  to  the 
honeycomb.  Pictures  of  the  resulting  damage  are  shown  on  Figures  110-B 
and  110-C. 


A.  Sample  BR-108-3 
After  Tests  at 
72  kA 


B.  Sample  BR-103-1 
(Boeing  Panel) 
After  154  kA  and 
203  kA  Discharges 


C.  Sample  BR-103-1  (Boeing  Panel) 
Showing  Delamination  caused  by 


203  kA  Test  Current 


FIGURE  110  -  Simulated  Lightning  Tests  on  Honeycomb  Panels 


SECTION 


3- 3  Electromagnetic  Shielding  Properties  of  Composite  Materials 

Lightning  protection  of  aircraft  involves  not  only  protection  against  the  direct 
burning  and  blasting  effects  of  lightning,  but  against  the  electromagnetic  inter¬ 
ference  associated  with  lightning  as  well. 

Electromagnetic  interference  is  perhaps  too  mild  a  term  to  use  in  connection 
with  lightning.  Electromagnetic  damage  potential  is  perhaps  a  more  valid  term. 

Control  of  the  electromagnetic  damage  potential  associated  with  lightning 
is  a  many  sided  problem.  Some  key  questions  are: 

1.  What  electromagnetic  threat  level  is  presented  to  an  airplane  by  a  lightning 
stroke? 

2.  What  shielding  is  provided  against  the  electromagnetic  fields? 

3.  What  kind  of  surge  voltages  and  currents  are  produced  on  aircraft  electri¬ 
cal  systems? 

4.  What  is  the  vulnerability  of  avionic  equipment  to  the  fields,  voltages  and 
currents  associated  with  a  lightning  strike? 

This  section  deals  with  the  second  question  above.  The  first  question  above 
is  dealt  with  in  Section  5.  The  third  and  fourth  questions  above  were  not  cover¬ 
ed  in  the  original  scope  of  this  program.  During  the  conduct  of  this  program, 
however,  simultaneous  work  was  being  done  (and  funded  by  NASA)  to  relate  the 
surge  currents  flowing  through  an  aircraft  to  the  surge  voltages  produced  on 
avionic  equipment.  By  an  amendment  to  the  contract  covering  the  present  work, 
similar  test  work  was  also  done  on  an  F-4  aircraft.  This  work  on  the  F-4 
aircraft  is  still  continuing  however,  and  is  not  covered  in  this  report.  The 
objectives  of  the  test  effort  are  covered  in  more  detail  in  Section  7  of  this 
report. 

3. 1  Pulse  Measurements  of  Shielding  Factors 

The  original  goal  during  this  program  was  to  measure  electromagnetic  fields 
at  points  on  the  back  side  of  the  composite  sheets  during  the  high  current  tests 
on  the  panels  and  to  relate  these  measurements  to  the  intrinsic  shielding 
effectiveness  of  the  panels.  The  intent  of  making  simultaneous  measurements  of 
resistance  to  lightning  effects  and  electromagnetic  field  measurements  was 
two-fold:  to  obtain  field  strengths  under  conditions  representative  of  actual 
lightning  strokes  and  to  obtain  the  maximum  amount  of  data  at  minimum  cost, 
both  in  time  and  in  number  of  test  panels. 
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This  original  objective  was  not  fulfilled  too  well  for  two  reasons:  delays 
and  partial  shipment  of  test  panels  interfered  with  the  continuity  of  testing 
and  the  idea  proved  not  to  be  as  attractive  as  it  originally  seemed.  Measurements 
of  shielding  factors  obtained  with  continuous  wave  (CW)  test  techniques  yielded 
more  useful  data.  Nevertheless,  some  interesting  data  was  obtained  under  high 
current  pulse  conditions. 

3-1.1  Test  Equipment 

The  principle  of  measurement  involved  two  field  sensors  mounted  inside  the 
steel  tank  described  in  Section  3-2.  One  of  the  sensors  was  a  three  axis 
H-field  sensor  and  one  was  a  parallel-plate  electric  field  sensor.  The  H-field 
sensor  is  shown  on  Figure  111. 

It  consisted  of  three  orthogonally-mounted  loop  antennas  (Figure  111a) , 
each  of  two  inch  diamter  and  wound  with  10  turns  (Figure  111b) .  A  changing 
magnetic  field  inside  the  tank  would  induce  in  these  loops  signals  proportional 
to  the  time  rate-of-change  of  the  field,  the  output  from  each  coil  being  propor¬ 
tional  to  the  vector  component  of  the  field.  The  outputs  of  the  coils  were 
coupled  to  three  identical  integrating  amplifiers,  the  output  of  which  was  thus 
proportional  to  the  H-field  inside  the  test  enclosure.  A  circuit  diagram  of 
the  integrator  is  shown  on  Figure  111c.  Most  of  the  circuitry  shown  is  that  of 
a  1  Hertz  filter  to  prevent  the  amplifier  drifting  into  saturation.  The  loop 
antennas  and  integrator  were  tested  in  a  Helmholtz  coil  calibrating  system 
(not  shown)  and  their  sensitivity  was  found  to  be  0.0196  volts  output  per 
ampere/meter  of  H-field. 

The  loop  antennas  were  placed  28  inches  from  the  rear  surface  of  the  panel 
under  test.  Dimensions  were  as  shown  on  Figure  112. 

An  attempt  was  made  to  measure  electric  fields  within  the  box,  through 
the  use  of  a  parallel-plate  electric  field  sensor.  These  measurements  were 
unsuccessful,  since  the  output  from  the  transducer  was  masked  by  spurious 
noise  pickup. 

3.1.2  Measurements 

The  first  measurement  made  was  an  attempt  to  establish  a  reference  field 
inside  the  enclosure.  To  do  this,  two  conductors  at  right  angles  and  joined 
at  the  center  were  placed  over  the  opening  as  shown  on  Figure  113.  The  high 
current  surge  generator  was  connected  to  the  center  of  these  conductors  and 
then  discharged.  Presumably  the  current  divided  uniformly  among  the  four 
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Panel  under  Test 


FIGURE  112  -  Location  of  II-Field  Sensors  In  Test  Enclosure 
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conductors.  At  test  current  levels  of  61.3  kA  and  76.6  kA,  the  field  intensi¬ 
ties  (at  the  probe  locations)  inside  the  enclosure  were  140  A/M  and  168  A/M, 
respectively,  with  the  field  directed  mostly  towards  the  generator.  Test  panel 
LS-70-3  (.040"  thick,  uncoated)  was  then  placed  over  the  opening  in  the  test 
enclosure.  A  discharge  of  57.5  kA  was  then  directed  to  the  center  of  the  test 
panel.  The  field  intensity  inside  the  enclosure  then  reached  a  value  of  346  A/m. 
The  direction  of  the  field  was  also  changed.  Apparently  the  current  flow  in  the 
panel  was  not  completely  radial  and  the  non-symmetrical  current  flow  contributed 
to  the  increase  in  field  with  the  panel. 

Only  this  one  test  was  made  of  field  intensity  during  high  current  tests 
on  the  panel  since  it  was  felt  that  the  fields  would  be  controlled  only  by  the 
pattern  of  current  flow  and  not  by  the  characteristics  of  the  panel.  The 
absolute  magnitude  of  the  field  is  of  some  interest,  but  is  hardly  representa¬ 
tive  of  the  field  inside  an  aircraft. 

With  a  1/8"  thick  aluminum  plate  covering  the  opening,  the  fields  inside 
the  enclosure  were  reduced  to  levels  too  low  to  be  recorded. 

Oscillograms  of  the  current  and  the  resulting  fields  are  shown  on  Figure  114 

Somewhat  more  meaningful  measurements  were  made  using  high  level  fields 
not  connected  with  discharges  to  the  panel,,  The  H-field  3-dimensional  sensing 
loop  arrangement  was  located  centrally  in  the  test  tank  one  foot  below  the 
composite  panel  mounting  hole.  The  tank  was  grounded,  but  the  generator  output 
current  was  not  passed  through  the  panel/ tank  combination.  Instead,  the  current 
was  passed  through  a  two  foot  diameter  loop  radiator  made  of  h  inch  diameter 
copper  tubing  and  located  one  foot  above  the  panel  mounting  hole.  This  was  done 
because,  in  order  to  obtain  consistent  H-field  measurements,  the  current  path 
must  remain  the  same  for  both  an  ambient  field  measurement  (no  panel  in  place) 
and  a  measurement  of  shielding  effectiveness  (with  panel  in  place) 

Test  data  is  shown  on  Table  XIX. 

The  damped-oscillatory  current  wave  used  had  a  period  of  27.5  p sec.,  which 
corresponds  to  a  frequency  of  36.4  kHz. 

A  check  was  also  made  on  the  effect  of  the  panel  fiber  orientations  with 
respect  to  the  field-radiating  loop.  To  do  this.  Panel  LS-70-10  (uncoated,  0°-90° 
orientation)  was  used  and  mounted  at  three  relative  angular  positions:  0°,  45°, 
and  90°.  The  loop  was  left  in  the  same  position  for  all  three  cases  and  the 
current  magnitude  was  the  same  (102  kA) .  No  significant  differences  in  either 
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TABLE  XIX 


KJ^shieldinq  Factor  Using  a  Da^d^scillatc-v  rigid  of  36.,  V, 


Panel 

Thickness 

Coating 

Current 

Level 

kA 

Ambient 

Field* 

A  •  T/M 

Absolute 

Field 

A  •  T1  /m 

LS-7C-4 

LS-70-4 

LS-70-4 

.040 

.040 

.040 

none 

none 

none 

43.4 

84.4 

130 

130 

241 

360 

1/1*1 

120 

227 

348 

LS-70-5 

LS-70-6 

LS-70-7 

LS-70-8 

LS-70-8 

.040 

.040 

.040 

.040 

.040 

Silver  paint 

"  ii 

»  ii 

»  ii 

•'  ii 

84.4 

84.4 

84.4 

84.4 

130 

241 

241 

241 

241 

360 

227 

226 

221 

227 

336 

LS-70-9 

LS-70-10 

LS-70-11 

.120 
.  120 

.120 

Silver  paint 
none 

none 

102 

102 

102 

440 

440 

440 

384 

3  73 

388 

LS-70-12 

LS-70-13 

LS-70-14 

.120 

.120 

.120 

none 

Silver  paint 
Silver  paint 

107 

107 

107 

418 

418 

418 

385 

3  78 

378 

1.6  mil  aluminum  foil 
1.6  mil  aluminum  foil 

130 

107 

360 

418 

16.5 

32 

Shielding 

dB 


0.7 

0.5 

0.3 


0.5 

0.5 

0.5 

0.5 

0.6 

1.2 

1.4 

1.1 

0,7 

0.9 

1.1 

26.8 

22.8 


the  location  ofthrioop^hroig^which  current^aJ  ‘  PhySical  changes  in 

values  of  ambient  field  for  the  same  current  in  the  irculated  resulted  ln  different 
field  strength  was  proportional  to  loop  currents.  °°P'  1  any  given  looP  setup, 
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the  three  field  components  or  in  the  total  field  magnitude  were  seen. 

3. 2  Continuous  Wave  Measurements  of  Shielding  Factors 

The  best  data  on  shielding  effectiveness  of  the  composite  materials  was 
obtained  with  CW  measurements.  The  measurement  technique  employed  was  one 
described  by  Eckersley^. 

3„2.1  Measurement  Equipment 

The  orinciple  of  measurement  is  shown  on  Figure  115.  A  constant  current 
is  maintained  in  a  transmitting  loop  and  a  receiving  loop  connected  to  a  detec¬ 
tor.  The  relative  readings  of  the  detector  with  and  without  a  test  specimen 
between  the  loops  is  related  to  the  shielding  effectiveness  of  the  specimen.  For 
most  metallic  materials  a  ground  on  each  coil  is  sufficient  to  prevent  electro¬ 
static  pickup  and  erroneous  measurements.  With  these  non-metallic  materials 
we  found  that  a  single  ground  on  each  coil  was  not  sufficient,  and  that  each 
coil  had  to  be  completely  screened  to  prevent  errors  due  to  electric-field, 
coupling  through  the  material.  This  alone  is  a  measure  of  the  poor  shielding 
effectiveness  of  these  materials,  since  even  the  thinnest  sheet  of  metal  provides 
almost  complete  shielding  against  a  high  impedance  electric  field  if  it  is  well 
grounded. 

Figure  116  shows  photographs  of  the  test  equipment.  The  transmitting  and 
receiving  coils  were  identical,  each  consisting  of  25  turns  wound  on  a  0.75  inch 
diameter  coil  form. 

The  transmitting  coil  was  excited  with  an  oscillator  and  wideband  amplifier, 
creating  a  magnetic  field  (H-Field)  between  the  transmitting  and  receiving  coils, 
thereby  producing  a  voltage  across  the  receiving  coil. 

The  receiving  coil  was  connected  by  coaxial  cable  to  a  Tektronix  1A1 
plug— in  mounted  in  a  Tektronix  Type  547  oscilloscope,  which  served  as  a  detec¬ 
tor. 

The  procedure  was  to  establish  an  ambient  voltage  level  as  read  on  the 
oscilloscope,  with  the  coils  coaxial  and  the  test  panel  absent  at  a  specific 
frequency.  It  was  important  that  the  distance  between  the  coils  with  and  with¬ 
out  the  composite  sample  in  place  be  the  same,  since  the  energy  coupled  between 
two  coils  at  close  spacings  varies  inversely  as  the  cube  of  the  distance  between 


1. 


» H-Field  Shielding  Effectiveness  of  Flame-Sprayed  and  Thin  Solid  Aluminum  and 
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FIGURE  115  -  TEST  SET  UP  FOR  SHIELDING  EFFECTIVENESS  TESTS 
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FIGURE  116 

Photographs  of  Shielding  Effectiveness  Test  Set-Up  Showing  Equipment  Used,  With 
_ Close-Up  View  of  "Transmitting"  and  "Receiving"  Coils 
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them. 


The  current  in  the  transmitting  coil  was  kept  constant  during  the  tests, and  wa 
monitored  using  a  Tektronix.  Type  131  current  probe.  A  change  in  current  in  the 
transmitting  coil  could  be  caused  by  reflection  of  part  of  the  created  H-field 
back  to  the  transmitting  coil  when  the  test  panel  is  placed  between  the  two 
coils.  This  change  in  current,  I,  would  change  the  ambient  voltage  level  and  an 
error  would  result  in  the  measurement  and  subsequent  attenuation  calculation. 

The  amount  of  H-field  attenuation  afforded  by  the  shielding  properties  of 
the  composite  material  was  calculated  by: 

Attenuation  =  20  log  Eqn. 

where  Vi  is  the  ambient  voltage  reading  and  v2  is  the  voltage  read  on  the 
oscilloscope  with  the  composite  material  placed  between  the  coils.  The  energy 
transfer  between  two  closely  spaced  loops  was  primarily  a  condition  of  magnetic 
coupling,  and  thus  the  attenuation  values  measured  in  this  fashion  are  appli¬ 
cable  chiefly  when  the  shield  material  is  to  be  used  against  low  impedance  or 
predominately  magnetic  fields. 

To  avoid  fringing  effects  the  receiving  coil  was  placed  in  a  metal  enclosure 
and  during  tests  the  composite  test  panel  was  placed  over  an  opening  in  the 
top  of  the  metal  enclosure,  as  shown  in  Figure  116. 

3.2.2.  Measurements 

An  initial  series  of  measurements  was  made  on  four  materials: 

1)  0.125"  thick  aluminum  plate 

2)  0.0016"  thick  aluminum  foil 

3)  .0625"  mesh  bronze  screen 

4)  a  borch-epoxy  laminate 

Results  are  shown  on  Figure  ,117. 

As  might  be  expected,  the  laminated  material  produced  little  electro¬ 
magnetic  shielding.  The  measurements  on  the  other  materials  show  some  anomalies, 
the  shielding  effectiveness  not  increasing  uniformly  with  frequency. 

It  was  these  anomalies  that  led  to  the  conclusion  that  the  transmitting  and 
receiving  coils  had  to  be  well-shielded,  while  the  absolute  accuracy  of  the 
data  of  Figure  117  is  questionable,  it  does  indicate  the  relative  shielding 
effectiveness  that  may  be  expected  from  some  representative  materials. 
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Once  the  measurement  technique  was  debugged,  measurements  were  made  on  the 
following  types  of  composite  materials: 

1)  13"  diameter  graphite  panels  with  no  protective  coating  -  0.040"  and 
0.120"  thickness. 

2)  13"  diameter  graphite  panels  with  silver-paint  coating  -  0.40"  and 
0.120"  thickness. 

3)  6"  x  12"  rectangular  graphite  panels  with  black  carbon  coating  -  one 
thickness  -  0.083". 

4)  6"  x  12"  rectangular  graphite  panels  with  black  carbon  coating. 

5)  6"  x  12"  rectangular  boron  panels  with  black  carbon  coating. 

6)  6"  x  12"  rectangular  graphite  panels  with  silver-paint  coating. 

7)  6"  x  12"  rectangular  boron  panels  with  silver-paint  coating. 

8)  6"  x  12"  rectangular  graphite  panels  with  flame-sprayed  aluminum 
coating. 

9)  6  x  12"  rectangular  boron  panels  with  flame-sprayed  aluminum  coating. 

The  results  of  the  measurements  are  given  in  Tables  XX  through  XXIV.  The 
data  is  summarized  in  graphical  form  on  Figures  118  and  119.  Strictly  speaking, 
the  data  is  valid  only  for  the  coil  spacing  used  in  these  tests  since  the  coil 
spacing  affects  the  impedance  of  the  magnetic  field  and  the  shielding  is  deter¬ 
mined  in  part  by  the  impedance  mismatch  between  the  field  and  the  shielding 
material.  However,  implications  of  the  data  are  quite  clear: 

1)  The  shielding  effectiveness  of  both  graphite-epoxy  and  boron-epoxy 
materials  is  much  less  than  an  equivalent  thickness  of  aluminum. 

2)  A  thin  piece  of  aluminum  foil  has  much  greater  shielding  effectiveness 
than  even  a  0.120"  panel  of  graphite-epoxy. 

3)  Graphite -epoxy,  by  virtue  of  its  higher  conductivity,  provides  more 
effective  shielding  than  does  boron-epoxy. 

4)  The  conductive  coatings  likely  to  be  needed  for  control  of  the  direct 
burning  and  blasting  effects  of  lightning  will  probably  have  more 
effectiveness  as  electromagnetic  shields  than  do  the  composite 
materials  they  protect. 

5)  Measurements  made  at  high  field  conditions  at  a  frequency  of  35  kHz 
are  in  agreement  with  the  CW  measurements  made  at  low  levels. 


TABLE  XX 


li-Field  Shielding  Effectiveness  of  Thirteen-Inch  Diameter  Uncoated  Graphite 
_ _ Panels.  0.120”  Nominal  Thickness,  0-90°  Layup  _ 


Frequency 

Megahertz 

Attenuation  in  dB 

Average 

LS-70-1 

LS-70-2 

LS-70-3 

LS-70-4 

5 

5.9 

7.2 

7.65 

7.91 

7.2 

10 

8.84 

11.7 

11.7 

10.85 

10.8 

12.5 

10.12 

12.42 

13.7 

13.85 

12.5 

15 

13.0 

15.1 

15.0 

14.00 

14.3 

18 

13. 4 

16.9 

16.9 

17.5 

16 . 2 

20 

13.6 

18.75 

17.95 

18.22 

17.1 

22.5 

15.32 

18.87 

20.0 

20.  7 

18.  7 

25 

14.0 

18.6 

17.5 

21.42 

17.9 

27. 5 

16.7 

17.0 

18.12 

* 

17.3 

30 

15.6 

19.2 

20.4 

24.0 

19.8 

*  No  readings  taken  at  this  frequency. 


TABLE  XXI 

H-Field  Shielding  Effectiveness  of  Thirteen- Inch  Diameter  Uncoated  Graphite 
_ Panels.  0.120"  Nominal  Thickness 


Frequency 

Megahertz 

Attenuation  in  dB 

Average 

LS-70-T50-10 

LS-70-T50-11 

LS-70-T50-12 

0.5 

6.03 

4.  77 

5. 26 

5.35 

1.0 

8.88 

7.5 

7.66 

8.00 

5.0 

21.0 

17.6 

18.2 

18.9 

Panel  10  -  0-90°  layup 

Panels  11  and  12  -  0-45° -90°  layup 


TABLE  mi 

H-field  Shielding  Effectiveness  of  Thirteen-Inch  Diameter  Graphite  Panels  with 
- _ Silver  Paint  Coating  0.040"  Nominal  Thickness,  0-90°  Layup 


Frequency 

Attenuation  in  dB 

Megahertz 

LS-70-5 

LS-70-6 

LS-70-7 

LS-70-8 

Average 

0.5 

2.42 

2.15 

3.47 

2.61 

2.66 

1 

3.41 

3.23 

4.92 

3.65 

3.80 

5 

10.8 

9.55 

* 

11.3 

10.6 

10 

16.4 

14.0 

21.2 

17.6 

1  7.3 

12.5 

18.  75 

16.35 

22.3 

18.1 

18.9 

15 

19.6 

19.1 

28.3 

21.1 

22.0 

18 

21.6 

1.4** 

28.  7 

23.6 

24.6 

20 

23.7 

22.3 

30.0 

26.1 

25.5 

22. 5 

25.4 

24.9 

* 

27.3 

25.9 

25 

26.5 

25.0 

32.0 

28.6 

28.0 

27.5 

27.3 

24.5 

* 

30.3 

27.4 

30 

iq  Thickness 

26.6 

2  .  ft  mile 

25.2 

33.0 

30.7 

28.9 

*  No  readings  taken  at  this  frequency. 

**  Questionable  reading  -  ignored  in  average. 


H-Field  Shielding  Effectiveness  of  Thirteen-Inch  Diameter  Graphite  Panels  with 


Frequency 

Megahertz 


LS-70-T50-9 


6.11 

8.66 

20.3 


Attenuation  in  dB 


LS-70-T50-13 


5.94 

8.77 

20.1 


LS-70-T50-14 


5.98 

8.54 

19.4 


Average 


6.00 

8 . 66 

19.9 


TABLE  XXIV 


I 


H-Field  Shielding  Effectiveness  of  6"  x  12"  Graphite  Psjiels  with  Black 
_ _ Carbon  Coating  0.083"  Nominal  Thickness _ 


Frequency 

Attenuation  in  dB 

Average 

Megahertz 

GD-LS70-1G-BC 

GD-LS70-2G-BC 

GD-LS70-3G-BC 

0.5 

4.88 

5.02 

5.85 

5.25 

1.0 

7.38 

7.97 

8.54 

7.96 

2.0 

12.06 

12.06 

13.4 

12.5 

5.0 

18.4 

18.1 

20.6 

19.0 

10.0 

27.3 

27.1 

30.4 

28.3 

14.0 

26.1 

33.1 

35.6 

31.6 

20.0 

26.1 

34.9 

36.6 

32.6 

25.0 

32.1 

36.3 

36.7 

35.0 

30.0 

23.0 

20.8 

14.7 

19.5 

table  XXV 

H-Field  Shielding  Effectiveness  of  6"  x  12"  Graphite  Panels  with  Black 
_ _ Carbon  Coating  0.083"  Nominal  Thickness _ 


Frequency 

Attenuation  in  dB 

Average 

Megahertz 

GD-LS70-1B-BC 

GD-LS70-2B-BC 

GD-LS70-3B-BC 

0.5 

0.38 

1.19 

1.9 

1.16 

1.0 

1.14 

1.67 

3.12 

1.98 

2.0 

2.61 

3.94 

6.35 

4.30 

5.0 

4.67 

7.2 

9.93 

7.3 

10.0 

9.38 

12.06 

15.6 

12.3 

14.0 

13.1 

14.0 

20.0 

15.7 

20.0 

12.06 

15.6 

20.0 

15.9 

25.0 

13.8 

16.3 

22.5 

17.5 

30.0 

29.0 

28.4 

19.8 

25. 7 

TABLE  XXVI 

H-Field  Shielding  Effectiveness  of  6"  x  12"  x  0.083"  Nominal  Thickness, 
- — - Graphite  Panels  with  Aluminum  Foil  floating 


Frequency 

Megahertz 


GD-LS70-1G-A1F' 


Attenuation  in  dB 
~  GD-LS70-2G-A1F~ 

23. 7 

28.8 
32.8 
40.0 


GD-LS70-3G-A1F 


Average 


TABLE  XXVII 

H-Field  Shielding  Effectiveness  of  6"  x  12"  x  0.083"  Nominal  Thickness 
- - - Boron  Panels  with  Aluminum  Foil  Coating  ’ 


Frequency 

Megahertz 


GD-LS70-1B-A1F 


Attenuation  in  dB 
GD-LS70-2B-A1F 


GD-LS70-3B-A1F 


Average 


H -Field  Shielding  Effectiveness  of  6!l  x  12M  x  0.0S3!t  Nominal  Thickness, 
_ _ Graphite  Panels  with  F.S.A1.  Coating 


Frequency 

!  Attenuation  in  dB 

Average 

Megahertz 

G-l 

G-2 

G-3 

0.5 

17.7 

16.8 

15.7 

16.7 

0.75 

19.65 

18.45 

17.7 

18.6 

1.0 

22.  4 

21.3 

19.  9 

21.2 

5.0 

37.5 

37.0 

35.4 

36.6 

TABLE  XXIX 

H-Field  Shielding  Effectiveness  of  6"  x  12"  x  0.083"  Nominal  Thickness 
_ Boron  Panels  with  F.S.Al.  Coating 


Frequency- 

Megahertz 


Attenuation  in  dB 


16.75 

19.1 

20.1 

32.6 


B-2 

B-3 

Average 

11.6 

19.1 

15.8 

13.9 

22.0 

18.3 

16.8 

24.45 

20.4 

27.5 

37.3 

32.4 

13-Inch  Diameter  Graphite  Panel 


FIGURE  119  -  Shielding  Factor  Measurements  on  6"  x  12"  Graphite  and  Boron  Panels 


Some  other  observations  on  test  results  that  are  not  readily  apparent 
from  the  above  data  are: 

1)  In  no  case  did  panel  orientation  or  ply  lay-up  seem  to  affect  the 
test  data. 

2 •  During  the  high  field  tests  made  with  the  surge  generator,  there  did 
not  appear  to  be  any  non-linearities  due  to  differences  in  field 
level.  The  measured  attenuations  were  quite  small  however,  and  any 
non-linearities  would  have  been  hard  to  detect. 

Apparently  there  is  sufficient  contact  between  the  fibers  in  the  different 
plies  that  effective  contact  is  made  between  plies,  in  spite  of  the  fact  that 
the  individual  fibers  are  held  together  by  a  non-conductive  epoxy  binder. 

These  results  would  then  agree  with  the  measurements  of  current  division  made 
and  reported  in  Section  2.  in  these  cases  also,  we  did  not  observe  any  pro¬ 
nounced  ply  effects  or  any  evidence  that  the  individual  plies  were  separated 
electrically  from  each  other. 


3* 3  Comparison  of  Theoretical  and  Measured  Values  of  Attenuation 

The  theoretical  value  of  shielding  effectiveness  can  be  calculated  for 
shield  material.  To  check  the  validity  of  the  test  ne  thod  used  to  determine 
the  shielding  effectiveness  of  composite  materials,  the  shielding  effective¬ 
ness  of  a  sheet  of  1.6  mil  aluminum  foil  was  determined  using  the  above  test 
method.  The  amount  of  attenuation  provided  by  the  aluminum  foil  was  found  to 
be  40.4  decibels  at  5.0  megahertz. 


Using  the  theoretical  approach  to  calculating  attenuation,  the  total 
reduction  (S)  in  energy  of  an  electromagnetic  field  in  passing  through  a 
conducting  shield  can  be  divided  into  two  main  losses;  the  attenuation  loss 
(A)  which  the  wave  experiences  in  traveling  through  the  body  of  the  shield 
material,  and  the  total  reflection  loss  (R)  occurring  at  each  surface.  There 
is  another  term  (B)  used  as  a  correction  term  for  successive  re-re flections 

when  A  is  small.  Therefore,  the  total  shielding  effectiveness,  S,  in  decibels 
is  given  as: 


A  =  131 1  fil‘R  gR  f 
R  -  20  log10  ifjJii2 

1  _  (JLZ  1 .  )  2  i0-0-10^  -jo.  23\ 
vk+  1  -2  e 


Eqn.  3.3 
Eqn.  3.4 


B  =  20  logj_g 


Eqn. 


3.5 
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whore: 

f  =  frequency  in  hertz  (5  megahertz  for  this  calculation) 
t  =  shield  thickness  in  meters  (4.065  x  10  ^  meters  for  1.6  mil  foil) 

2r  =  coil-to-coil  distance  in  meters  (0.952  x  10“^  meters  for  this  test) 

U r  =  permeability  of  shield  material  relative  to  vacuum  (/iR  =  1) 

Or  =  conductivity  of  shield  material  relative  to  copper  (Gr  =  0.6) 

A.  =  wavelength  in  meters  (5  MHz  w  60  meters) 

(1+  j)  |zw|  1.915  x  lO6/^”  Eqn.  3.6 

where : 

|zw|  =  wave  impedance,  ohms 

jzw|  =  (7.9  x  10“6r)  (jf)  Eqn.  3.7 

The  theoretical  total  shielding  effectiveness  for  the  1.6  mil  aluminum 
foil  was  calculated  to  be  as  follows: 

S  =  A  +  R  +  B  Eqn.  3.8 

A  =  9.2  dB 
R  =  33  dB 
B  =  0  negligible 
S  =  42.2  dB 

The  theoretical  value  of  attenuation  compared  favorably  with  the  measured 
value  of  attenuation,  40.4  dB,  for  1.6  mil  aluminum  foil. 

3. 4  Comparison  with  Other  Investigations 

Similar  measurements  of  shielding  effectiveness  of  boron  and  graphite 
composite  materials  have  also  been  made  by  Shulz. ^  While  he  has  reservations 
about  the  absolute  accuracy  of  the  data,  due  to  difficulties  in  determing  the 
time  absorption  and  reflection  components  of  shielding  effectiveness,  his  data 
is  in  general  agreement  with  the  data  obtained  during  this  contract.  An 
excerpt  of  his  data  is  presented  in  Figure  His  data  covers  the  range 

10  -  500  MHz  and  thus  complements  the  previous  data,  extending  it  to  higher  fre¬ 
quencies.  The  agreement  is  quite  good.  He  observed  shielding  factors  in  the 
range  of  ldBfor.03  75"  thick  graphite  and  30  MHz  whereas  we  observed  17  dB  at  20  MHz 
on  0.040"  graphite.  He  observed  about  3  dB  on  0.105"  thick  boron  at  30  MHz 
whereas  we  observed  about  16  dB  on  0.083"  boron  with  a  black  carbon  coating 

2.  Preliminary  Evaluation  of  RF  Shielding  and  Electrical  Properties  of  Boron 
and  Carbon  Fiber  Reinforced  Composites,  R.B.  Schulz,  Southwest  Research 
Institute.  Presented  during  panel  discussion  at  1970  Lightning  and  Static 
Electricity  Conference  -  San  Diego,  California. 
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FIGURE  120  -  Shielding  Effectiveness  of  Composite  Materials 


at  20  MHz.  He  also  observed  that  panels  with  alternating  ply  lay-ups  gave 

significantly  better  shielding  performance  than  a  panel  with  all  fibers  arranged 
in  parallel.  This  again  is  an  indication  that  there  is  generally  good  contact 
between  the  plies  in  the  different  layers. 

The  measurements  of  shielding  effectivness  of  panels  covered  with  flame- 
sprayed  aluminum  indicated  that  most  of  the  shielding  came  from  the  aluminum. 
Values  of  16  dB  and  20  dB  were  measured  at  0.5  MHz  and  1.0  MHz  for  .083"  boron 
with  a  coating  of  flame-sprayed  aluminum.  The  thickness  of  the  aluminum  on 
the  particular  panel  under  test  was  not  known,  but  on  two  other  panels  the 
aluminum  was  between  0.010  and  0.020"  thick.  Eckersley  measured  shielding 
factors  of  30,  37  and  42  dB  at  0.5  MHz  for  a  5,  10  and  20  mil  thickness  of 
aluminum.  Apparently,  the  electrical  contact  between  the  particles  of 
aluminum  was  not  as  good  as  that  used  by  Eckersley. 

In  previous  High  Voltage  Laboratory  work, many  investigations  of  shielding 

effectiveness  of  enclosures  have  been  made.  One  in  particular  is  of  interest 
3 

to  this  program  .  One  excerpt  from  this  report  is  shown  on  Figure  137. 

Several  conductive  coatings  were  evaluated  for  their  shielding  effectiveness. 

The  test  samples  consisted  of  4'  x  4*  x  4'  Masonite  and  wood  boxes 
covered  with  the  shielding  material  to  be  tested.  Since  access  to  the  inside 
was  required  for  the  placement  of  measuring  equipment,  a  covered  opening  was 
provided  on  each  sample.  The  coatings  tested  were: 

1.  A  single  layer  of  0.001"  thick  aluminum  foil. 

2.  An  approximate  0.007"  coating  of  flame-sprayed  aluminum. 

3.  Two  coats  of  conducting  paint  (300  -  600  ,n/sq.). 

The  construction  techniques  used  for  these  samples  enter  into  the  results 
obtained.  For  this  reason, those  areas  which  are  of  most  interest  are  described 
herein. 

1.  Aluminum  Foil  Boxes 

The  foil  was  in  18"  wide  strips.  Each  peripheral  strip  was  continuous 

3.  Investigations  of  H-Field  Shielding  Effectiveness  of  Thin  Conductive 
Coatings  and  Reduction  of  Induced  Current  on  Penetrations,  E.R,  Uhlig, 

1  May  1969,  HVL  Report  69U06.  Work  done  for  Corps  of  Engineers, 

Department  of  the  Army  -  Contract  Number  DA-49-129-ENG-543 . 
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H-Field  Shielding  Effectiveness  of  Various  Conductive  Coat ing s 
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and  adjoining  strips  were  overlapped  six  inches  and  taped.  The  direction 
of  the  wrapping  was  such  that  the  induced  current  path  along  the  continu¬ 
ous  strips  occurred  when  the  H-field  entered  and  was  normal  to  the  sample 
face  with  the  access  panel. 

2.  Sprayed  Aluminum  Box 

This  box  was  assembled  from  six  individually  sprayed  panels.  Continu¬ 
ity  between  panels  was  then  obtained  by  folding  3"  strips  of  0.005" 
aluminum  over  the  edges  and  stapling  every  1^  inches. 

3.  Conductive-Paint  Coated  Box 

The  two  coats  of  conductive  paint  were  applied  by  brush. 

The  average  surface  resistivities  for  each  of  the  coatings  tested  is  shown  in  Table  XXXIV. 

TABLE  XXX: 

Comparison  of  Surface  Resistivities  of  Materials  Under  Test 

Average  Surface 

Coating  Resistivity  (.n/sq.) 

0.001"  Aluminum  Foil  0.00144 

Sprayed  Aluminum  0.006 

(approximately  0.007"  thick) 

Conductive  Paint  (2  coats)  344 

The  testing  area  consisted  of  a  loop  type  radiator  26  feet  wide  and  10 
feet  high. 

The  test  area  was  a  shielded  room  measuring  45  feet  by  35  feet  by  20  feet 
high.  The  H-field  generator  employed  consisted  of  a  rectangular  loop  26  feet 
wide  and  10  feet  high,  having  as  its  sides  a  capacitor  discharge  pulse  generator 
and  a  ba.  f  four  12-foot  lengths  of  two-inch  aluminum  conduit  spaced  about 
two  feet  apart;  as  its  bottom,  the  aluminum  floor  of  the  test  area;  and  as  its 
top,  four  parallel  copper  conductors  spaced  about  two  feet  apart. 

Figure  121  shows  the  ambient  H-field  wave  form  produced  by  this  radiating 
system.  It  is  seen  to  have  a  rise  time  of  1.0  microsecond  with  a  half  value 
tail  time  of  55  microseconds.  This  test  wave  is  very  representative  of  the 
current  in  the  return  stroke  phase  of  a  lightning  flash.  In  the  testing  area 
the  H-field  peak  value  varied  from  a  minimum  of  148  A/m,  10"  above  the  floor 
to  a  maximum  of  165  A/m,  45"  above  the  floor. 

Figure  121  also  shows  the  H-field  measured  at  the  center  of  the  various 
enclosures.  A  7  mil  thickness  of  flame-sprayed  aluminum  gave  a  H-field  attenua¬ 
tion  of  5.2  dB  as  contrasted  to  23.9  dB  produced  by  a  1  mil  thickness  of 
aluminum  foil.  Conductive  paint  gave  practically  no  attenuation. 
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An  investigation  employing  both  destructive  and  nondestructive  testing 
techniques  affirms  that  lightning-produced  currents  adversely  affect  boron- 
and  graphite -reinforced  composites  for  aircraft.  While  such  composite  mate¬ 
rials  offer  significant  structural  advantages  over  conventional  metals,  theyl 
are  much  more  easily  damaged  by  the  high  currents  associated  with  lightning. 
A  majority  of  the  coatings  tested  to  determine  their  ability  to  protect  com-1 
posites  in  a  lightning  environment  actually  aggravated  composite  deteriora¬ 
tion.  To  mitigate  lightning  damage,  composite  coatings  must  be  either  highly 
conductive  or  highly  insulating.  Limitations  are  identified  that  must  be  3 
overcome  before  coatings  of  either  type  can  be  deemed  acceptable . 

Several  nondestructive  testing  evaluation  techniques  are  compared. 
Acoustic  impedance  measurement  holds  the  greatest  promise,  because  it  re¬ 
quires  access  to  only  one  side  of  the  material  and  it  correlates  well  with 
physical  inspections. 

Studies  were  made  of  the  electromagnetic  shielding  properties  of  com¬ 
posite  materials.  It  is  shown  that  they  have  much  poorer  shielding  pro¬ 
perties  than  conventional  metal  structures.  The  implications  as  regards  the 
electrical  design  of  future  aircraft  are  discussed.  '  . ~ 
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